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ABSTRACT
Jadhav, Bilwa A. MSE, Purdue University, August 2014. Integration and Implementation of High-Voltage Energy Storage Sub-System for a Parallel-Through-the-Road
Plug-in Hybrid Electric Vehicle. Major Professor: Gregory Shaver and Peter Meckl,
School of Mechanical Engineering.
With research showing an alarming rate of increase in global warming and thus
causing dangerous instabilities in the weather, a strong push has been initiated to
reduce greenhouse gas emissions. Transportation being one of the top offenders in
greenhouse gas emissions, has led the drive for improving the efficiency of the modern automobile. One of the current strategies for reducing the emissions produced
by the transportation sector is hybrid vehicles powered from both a fuel such as
gasoline, diesel, or hydrogen; and electricity. This merger has proven to be effective at decreasing harmful emissions including, carbon dioxide (CO2 ) and nitrous
oxides (NOx ), while also increasing the fuel economy. EcoCAR2 Plugging into the
Future, is a three-year collegiate engineering competition established by the U.S. Department of Energy, Argonne National Laboratories, General Motors, and challenges
student teams to reduce environmental impact by reducing the overall fuel consumption and well-to-wheel greenhouse gas emissions of a 2013 Chevrolet Malibu without
compromising performance, safety and consumer acceptability. The first year of the
competition focused on simulations and design analysis that would meet the required
targets. The second year of the competition focused on designing the power-train for
in-vehicle integration, followed by a refinement and optimization phase during the
third year.
The Purdue University EcoCAR team implemented a parallel-through-the-road
plug-in hybrid electric vehicle architecture. This pairs an engine powering the front

xvi
wheels of the vehicle with an electric motor powering the rear wheels. This arrangement gave the flexibility of being able to operate the vehicle in an all-electric mode,
an all biodiesel mode, or a combination of both to create maximum power at optimum efficiency. For this functionality, a 1.7 L CIDI engine running on Biodiesel B20
fuel, powers the front wheels, and a 103 kW Magna motor powers the rear wheels. In
order to power the motor, a high-voltage Energy Storage System was designed and
integrated into the vehicle. Simulations and analysis were performed on the highvoltage DC bus to measure the ripple and noise effect produced due to the integrated
motor assembly. Similar analysis was performed on the low-voltage system to analyze
the dependence of the low-voltage system on the high-voltage system. The electrical
implementation focused on harnessing the high-voltage system that would power the
vehicle to give an all-electric drive range of 30 miles. Combined with the biodiesel
engine, the vehicle gave a driving range of 370 miles, with an installed 10 gallon fuel
tank.
Working on the high-voltage system calls for increased level of awareness and safety
concern among the team members. To serve this purpose, a comprehensive set of protocols was developed. This covered all aspects from giving a basic understanding of
the high-voltage system as a part of knowledge transfer to the team, member certifications to identify team members working on high-voltage, start-up and shut-down
procedures, responsibilities, lock-out tag-out procedures, other general guidelines and
personal protective equipment information. Following these protocols laid down the
foundations for a safe and successful high-voltage work environment.

1

1 INTRODUCTION
1.1

ECOCAR2 COMPETITION

EcoCAR2 is a three year automotive engineering competition that aims at giving
students a platform to learn, develop, build and research the future hybrid vehicle
automation strategies. Fifteen universities across North America and Canada participate in this competition to showcase their team skills and talent by starting on a stock
donated vehicle to finishing it as a plug-in hybrid vehicle. This competition has been
actively organized by DOE Advanced Vehicle Technology Competitions (AVTC), Argonne National Labs (ANL) and General Motors (GM). The goals of the competition
are to reduce the fuel consumption, green-house gas, well-to-wheel (WTW) and pollutant emissions while at the same time maintaining the vehicle performance and
consumer acceptability. During the three year competition span, the teams follow
the GM Vehicle Development Process (VDP), by starting with analysis, simulations
and calculations in year one to define their competition goals (vehicle technical specifications). Based on these desired requirements, vehicle architecture is finalized,
components are chosen, applicable power train modifications are finalized. All the
required major components including, the energy storage system, motor, engine, su-
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pervisory controller, DC-DC converter, HVAC are donated to the teams by various
organizers. Software support is ensured to the teams from organizers like, Mathworks, DSpace, Autonomie, CrossChasm, Freescale, Siemens NX and QNX. Year two
of the competition focuses on complete in-vehicle integration, followed from year one
analysis. Thus work done during the first year of the competition forms a strong
foundation for the next two years for a successful performance. In year three, the
teams are expected to make their vehicles show-room ready to create 99 % customer
buyoff. This involves exhaustive and iterative refinement and optimization. Thus at
the end of the third year of the competition, the teams have their modified vehicles
ready with improved efficiency and reduced fuel consumption and emissions. As a
part of the competition deliverable, the teams are scored on yearly progress reports.
At the end of each year, during the final competition the teams are judged on their
vehicle performance, as the vehicle is tested for various criteria events including acceleration, braking, gradeability, emissions testing, consumer acceptability, etc. During
these events scoring, the VTS defined by the teams in year one perform a very crucial
factor, as the team’s performance is compared against their defined VTS. Unacceptable deviations between the VTS and the actual vehicle performance impose heavy
penalties on the team.
In order to implement the selected hybrid vehicle architecture, the Purdue EcoCAR
team had to make modifications to the existing stock vehicle. Originally, the vehicle
had a 2.4 litre SI engine with 6-speed automatic transmission. This has been replaced
with a 1.7 litre B20 Biodiesel CI engine. The A123 Battery pack, Magna motor,
Brusa Charger, GM DC-DC converter, supervisory controller, and other additional
components are added in the rear of the vehicle for rear drivetrain electrification,
figure 3.17. The stock 10 gallon fuel tank has been replaced by a custom-made 9.9
gallon fuel tank for weight reduction. Since additional components were added in
the rear of the vehicle, there were significant structural modifications made to the
existing vehicle frame.

3

Figure 1.1: Component mounting location in the vehicle rear.

My major contributions to the team were during the second and third years of the
competition. My area of involvement focused mostly on high-voltage ESS pack integration. As a pre-requisite to the integration process, analysis and simulations were
done during the initial part of the second year. These analysis efforts are discussed
in detail in sections 3.2.6, 3.3.7 and 3.3.8. Before starting the actual ESS assembly,
electrical design analysis was performed to choose the correct fuse ratings and harness
sizes. Compatible automotive high-voltage rated terminal lugs and connectors were
chosen for each component according to the specifications. This analysis and design
phase formed the basis for ESS assembling process. Since a significant amount of
work was performed in the high-voltage domain, I was involved with developing highvoltage protocols which identified working procedures, safety procedures and system
knowledge. Further I contributed in testing, verifying and debugging the ESS pack
for reliable, rugged performance. Next, I focused on wiring all the low-voltage system
in the rear of the vehicle, including wiring a separate rear fuse block, Emergency Disconnect System for the vehicle (section 3.5.1). After the ESS and low-voltage system
were installed in the vehicle, I worked with the controls team for rear drive-train
testing which was comprised of functionality testing of the ESS, the motor, DC-DC
converter and the Brusa charger, controlled via the supervisory controller, MicroAutobox using CANoe software. Apart from vehicle integration tasks, I was actively
involved in writing the yearly EcoCAR technical reports which are scored compe-
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tition deliverables. Overall, EcoCAR proved to be an informative and challenging
experience for me, which helped me hone my engineering application skills.

1.1.1

COMPETITION GOALS

The technical goals are to design and integrate vehicle powertrains that, when
compared to the production gasoline vehicle:
• Reduce the fuel consumption
• Reduce the well-to-wheel greenhouse gas emissions
• Reduce the criteria tailpipe emissions
• Maintain consumer acceptability in the areas of performance, utility, and safety
Well-to-wheel Analysis: [8]
For this analysis, the vehicles are run through drive cycles modeled after four
U.S. Environmental Protection Agency (EPA) certification cycles: the 505 (Bag 1
or 3 of the Urban Dynamometer Driving Schedule [UDDS]), Highway Fuel Economy
Test (HWFET), US06 City, and US06 Highway cycles. The fuel and electric energy
consumption values for the team vehicle are combined with the fuel properties and
upstream well-to-pump (WTP) factors. The WTP upstream factors are computed
by using Argonne National Laboratorys Greenhouse Gas, Regulated Emissions and
Energy Use in Transportation (GREET) model combined with the Canadian model,
GHGenius. The models produce upstream values such as grams of GHGs/kWh, grams
of criteria emissions/kWh, and kWh of petroleum energy/kWh of fuel energy used
at the vehicle (GREET only). Upstream factors for electric energy are determined
on the basis of an electricity mix of 87% U.S. and 13% Canadian production. The
resultant mix is integrated into GREET. These upstream values are combined with
downstream data measured during testing to compile the overall WTW results. The
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downstream values provided for GHG and PEU for simulation purposes are based on
fuel properties, and they are within 5% of the actual values of the fuels used at the
competition, as indicated by laboratory tests done on EcoCAR 1 fuels.

1.1.2

IMPACT

Although hybrid vehicles may seem a viable alternative to have higher fuel efficiency, reduced emissions and carbon footprint, questions arise from the pollution
created during hybrid vehicle production. According to an in-depth study by the
U.S. Department of Energy’s Argonne National Laboratory [14], hybrid cars do, in
fact, require more energy to produce than conventional cars, emitting more greenhouse gases and burning more fossil fuels during the manufacturing process. The
production of hybrid batteries, in particular, requires more energy than producing a
standard car battery and results in higher emission levels of gases including sulfur
oxide. Experts estimate that 10 to 20 percent of a vehicle’s total lifetime greenhouse
gas emissions are released during the manufacturing stage alone. There are additional
environmental concerns related to rare earth metals, like those used in the magnets
of hybrid batteries. Although hybrid vehicle production is more energy-intensive and
results in higher production emissions, hybrid vehicles are still the greener choice
overall. Research shows that HEVs can be designed for both compact vehicles as well
sport utility vehicles (SUVs), meeting performance and consumer acceptability [14].
However, plug-in hybrids provide significantly improved fuel economy as well as reductions in greenhouse emissions. A significant market potential was indicated for
all HEVs in a study performed, particularly when the price difference between HEVs
and the conventional vehicles is reduced. Customer surveys also indicated the fact
that the public is more inclined towards plug-in vehicles rather than going to the gas
station. HEVs, especially plug-in hybrids, cost more than the conventional vehicles
due to extra complexity in terms of additional components - the motor, charger, the
energy storage system, controllers, etc. Other major disadvantages of HEVs include
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overcoming limited battery life, which must be overcomed, for HEVs to be mass
produced.

1.2

VEHICLE POWERTRAIN ARCHITECTURE SELECTION

1.2.1

OVERVIEW OF DIFFERENT VEHICLE ARCHITECTURES

Hybrid electric vehicles combine an internal combustion engine with an electric
motor powered by the batteries. This combines the best features of an electric vehicle
with the advantages of traditional combustion engine. This combination allows the
electric motor and the batteries to help the conventional engine operate more efficiently, minimizing the fuel use. Meanwhile, the engine overcomes the limited driving
range of some electric vehicle. Hybrids are classified by the division of power between
sources; both sources may operate in parallel to simultaneously provide acceleration,
or they may operate in series, with one source exclusively providing the acceleration
and the second being used to augment the first’s power reserve. The sources can
also be used in both series and parallel as needed, the vehicle being primarily driven
by one source but the second capable of providing direct additional acceleration if
required. Current hybrids use both an internal combustion engine (ICE) and a battery/electric drive system to improve fuel consumption, emission, and performance.
Other combinations of energy storage and conversion are possible, although not yet
in commercial production.
• Series Hybrid
This is the simplest hybrid configuration. In a series hybrid, the electric motor
is the only means of providing power to the wheels. The motor receives electric
power from either the battery pack or from a generator run by the engine.
The controller determines how much of the power comes from the battery or
the engine/generator set. Both the engine/generator and regenerative braking
recharge the battery pack. The engine is typically smaller in a series drivetrain
because it only has to meet the average driving power demands, the battery pack
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is generally more powerful than the one in parallel hybrids in order to provide
the remaining peak driving power needs. This larger battery and motor, along
with the generator, add to the cost, making series hybrids more expensive than
parallel hybrids [2]. While the engine in a conventional vehicle is forced to
operate inefficiently in order to satisfy varying power demands of stop-and-go
driving, series hybrids perform at their best in such conditions. This is because
the gasoline engine in a series hybrid is not coupled to the wheels. This means
the engine is no longer subject to the widely varying power demands experienced
in stop-and-go driving and can instead operate in a narrow power range at
near optimum efficiency [3]. This also eliminates the need for a complicated
multi-speed transmission and clutch. Because series drivetrains perform best
in stop-and-go driving they are primarly considered for buses and other urban
work vehicles.
• Parallel Hybrid
In a parallel hybrid electric vehicle, both the engine and the electric motor generate the power that drives the wheels. Since, the engine is connected directly
to the wheels in this architecture, it eliminates the inefficiency of converting mechanical power to electricity and back, which makes the parallel hybrids more
efficient. Parallel hybrids can be further categorized depending upon how balanced the two energy sources are at providing motive power. In some cases, the
combustion engine is dominant (the electric motor turns ON only when a boost
is needed) and vice versa. Others can run with just the electric system operating [4]. Parallel hybrids can use a smaller battery pack as they rely more on
regenerative braking and the internal combustion engine can also act as a generator for supplemental recharging, they are more efficient on highway driving
compared to urban stop-and-go conditions or city driving.
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• Power-Split Hybrid
Power-split hybrid or series-parallel hybrid are parallel hybrids. They incorporate power-split devices allowing for power paths from the engine to the wheels
that can be either mechanical or electrical. The main principle behind this
system is the decoupling of the power supplied by the engine (or other primary
source) from the power demanded by the driver. A combustion engine’s torque
output is minimal at lower RPMs and, in a conventional vehicle, a larger engine
is necessary for acceptable acceleration from standstill. The larger engine, however, has more power than needed for steady speed cruising. An electric motor,
on the other hand, exhibits maximum torque at standstill and is well-suited
to complement the engine’s torque deficiency at low RPMs. In a power-split
hybrid, a smaller, less flexible, and highly efficient engine can be used. The
conventional Otto cycle (higher power density, more low-rpm torque, lower fuel
efficiency) is often also modified to a Miller cycle or Atkinson cycle (lower power
density, less low-rpm torque, higher fuel efficiency). The smaller engine, using
a more efficient cycle and often operating in the favorable region of the brake
specific fuel consumption map, contributes significantly to the higher overall
efficiency of the vehicle [5].
• Parallel-Through-the-Road Hybrid Architecture
Parallel through the Road (PTTR) Plug-in Hybrid vehicles utilize electrical energy to power one axle, while the engine drives another axle. An alternative
parallel hybrid layout is the ’through-the-road’ type. Here a conventional drivetrain powers one axle, with an electric motor or motors driving the other [7].
The batteries can be recharged through regenerative braking, or by loading
the electrically driven wheels during cruise. Power is thus transferred from
the engine to the batteries through the road surface. This layout also has the
advantage of providing four-wheel-drive in some conditions [6].
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Plug-in Hybrid Vehicle

Figure 1.2: Plug-in hybrid vehicle architecture.

A plug-in hybrid electric vehicle (PHEV) has two defining characteristics:
1) It can be plugged into an electrical outlet to be charged
2) It has some range that can be traveled on the energy it stored while plugged in.
They are full hybrids, able to run in electric-only mode, with larger batteries and
the ability to recharge from the electric power grid or can be parallel or series hybrid
designs. They are also called gas-optional, or griddable hybrids. Their main benefit
is that they can be gasoline-independent for daily commuting, but also have the
extended range of a hybrid for long trips. They can also be multi-fuel, with the
electric power supplemented by diesel, biodiesel, or hydrogen. The Electric Power
Research Institute’s research indicates a lower total cost of ownership for PHEVs
due to reduced service costs and gradually improving batteries. The “well-to-wheel”
efficiency and emissions of PHEVs compared to gasoline hybrids depends on the
energy sources of the grid (the US grid is 50% coal; California’s grid is primarily
natural gas, hydroelectric power, and wind power). Particular interest in PHEVs
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is in California where a “million solar homes” initiative is under way, and global
warming legislation has been enacted.

1.2.2

ARCHITECTURE ANALYSIS

The following three architectures were explored further for finalizing as the best
optimum vehicle architecture for the Purdue EcoCAR:
1. Series Hybrid:
The series architecture is the simplest in terms of control and optimization implementation. By completely decoupling the engine from the driving wheels, it
reduces transmission losses and offers significant opportunities for engine optimization, but at the cost of weight and packaging concerns, due to the larger
sizing of the electric drive and generator.

Figure 1.3: Vehicle architecture for series EREV.

2. Parallel-Through-the-Road Plug-in Hybrid Electric Vehicle:
In the context of the Malibu, the parallel-through-the-road architecture offers
the ease of integrating an independent parallel electric motor to drive the rear
wheels, without any concerns with packaging in the front. The front drivetrain
can be similar to the existing Malibu drivetrain. The surplus cost is associated
with the weight of an additional drivetrain, with battery pack.
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Figure 1.4: Vehicle architecture for parallel through the road PHEV.

3. Split-power PHEV:
This architecture includes a power-split transmission similar to the one used
by the Toyota Prius (with a pair of integrated motors/generators), coupled to
the engine, and powering the front wheels. The power-split offers the greatest
flexibility for blending the two drives and hence maximum opportunity for optimizing the hybrid performance, while at the same time offering weight and
packaging advantages. However, control design was expected to be more challenging for this architecture.
Further, the performance of each architecture was simulated on the Acceleration
and Gradeability events in Autonomie. The non-powertrain components were standardized across the 3 architectures, in most cases with the initialization files provided
for the conventional Malibu vehicle. For variations in powertrain components, existing
components in Autonomie were used.
Based on the modeling and simulation exercise, the team found that the best
results in the context of this competition, were obtained with the power-split architecture.
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Even though the parallel architecture had demonstrated lower WTW results with
the bigger A123 battery pack, it suffered in the performance parameters as compared
to the power-split architecture due to the weight disadvantage. However it was close,
as the performance easily meets the competition requirements.
The series architecture fared poorly on both WTW E&EC as well as the performance results.

1.2.3

ARCHITECTURE FINALIZATION

Therefore from the vehicle modeling and simulation aspect the architectures were
ranked as follows:
1. Power-Split PHEV
2. Parallel-through-the-road (PTTR) PHEV
3. Series EREV
Purdue team initially preferred the power-split architecture which would be the easiest
to implement in regards to packaging and integration because the main change comes
in mating a different transmission to the diesel engine. The only other changes that
were required in order to use the proposed system would be to add a high-voltage
system and to modify the exhaust, but this had to be done with all of the other
architectures as well. The Parallel-through-the-road architecture was chosen second
because the whole rear suspension had to be modified in order to fit the rear motor
and axle along with all of the other standard changes. The series was decided as
the least preferred because not only will the rear suspension will have to be modified
as in the case of Parallel-through-the-road architecture, but a generator will have to
be mated to the engine in place of the transmission along with the other standard
changes. Finally, the PTTR architecture was selected by the team as it gave an
optimum performance with fair amount of ease of integration.
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1.2.4

ARCHITECTURE IMPLEMENTATION

Parallel-through-the-road PHEV
The front drivetrain of the vehicle was kept the same as the production Malibu
(except for the engine) and an electric drive was incorporated on the rear axle. Based
on energy calculations, and combinations of simulations run previously, the Magna
45/90 (45kW: continuous power, 90KW: maximum motor power output) motor was
chosen as the best suited to this application.

Figure 1.5: Vehicle integration - side view.

With the PTTR architecture (figure 1.6), it was decided to evaluate the effect
of different battery packs. The 2 battery packs considered were the 6x15s2p and
7x15s3p (i.e. the smallest and largest battery pack offered by A123). The 6x15s2p
configuration has 2 cells in parallel, 15 cells in series, with 6 module per pack, thus
in total, 180 cells per pack. For the 7x15s3p configuration, there are similarly in
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total 315 cells per pack. Analysis was done so to capture the difference in both the
charge/discharge current/power as well as the usable energy content of the different battery pack configurations. The only challenge faced with choosing the largest
ampacity pack configuration arose from the in-vehicle integration and packaging perspective. Hence, a medium sized pack 6x15s3p, capable of adequately charging the
bus, which also meets the desired charge-depleting or an all electric vehicle drive range
of 30 mi was chosen.

Figure 1.6: Purdue vehicle architecture.

For the parallel architecture, the largest issue arose with the integration of the
Magna motor in the rear of the vehicle. To integrate the Magna motor, the rear
suspension had to be removed and replaced with a suspension that can support the
new rear axle and motor.

1.2.5

FUEL SELECTION

From the Autonomie simulations it was observed that the 1.4L SI gasoline engine
consistently performed poor against the E85 or B20 engines. The comparison between
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E85 and B20 was more difficult. While B20 compared favorably on GHG emissions
and Energy Consumption, E85 had significantly lower PEU (primary energy use).
The decision was finally made in favor of B20 for the following reasons:
1. Autonomie vehicle simulations demonstrated that B20 would score better in the
E&EC event.
2. Faculty and students on the team had prior experience with control, combustion
and after-treatment for CI Engines. As such, there was an opportunity for
optimization of engine control and combustion, which would be a potential
advantage for the team.

1.2.6

PURDUE HYBRID VEHICLE HIGHLIGHTS

1. PHEVs perform significantly better than corresponding HEV vehicles
2. B20 PHEVs have lowest WTW GHG emissions and lowest EC
3. The 1.7L engine is optimally sized for a PHEV powertrain
4. Higher Brake Thermal Efficiency (BTE) of CI vs. SI
5. Gasoline performs poorly on GHG Emissions
6. The fuel consumption in CD mode on the US06 HWY cycle was identified as
the single most dominant factor in the final WTW results
• Due to high UF (utility factor) values (0.7 to 0.9) the WTW analysis is
more sensitive to CD (charge depleting) performance. The greater the
battery capacity, the greater is the CD range. Also, the CD range is
directly proportional to the UF. WTWresult = UF*CD + (1 - UF)*CS
• The US06 City and Hwy cycles have the highest fuel consumptions due
to aggressive acceleration demands at higher speeds (i.e. more ‘engine
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on’ requirements as motor alone cannot provide required torque at high
speeds)
• Further the weighting factor for the US06 Hwy is very high (0.45)
• This implied that the team should aim for minimum fuel consumption in
the CD mode
• Relates well to the proposed format of the competition E&EC event, which
will reward early depletion of battery by increasing the weighting of fuel
consumption in the earlier stages

1.3

PURDUE ECOCAR VTS
The current and final VTS (Vehicle Technical Specifications),

1.1 have been

derived from Autonomie with the vehicle modeled on the On-road trace from the
DPGY track. The Charge Depleting cases were run with a pure EV mode ( Table
1.2) enforced to better reflect the actual capability of the vehicle. Trace misses <1%
indicate that this is an accurate representation of the actual vehicle capability and the
intended control strategy for Purdue’s vehicle. As required, the VTS for the E&EC
parameters are reported under 3 headers in Table 1.2: 4-cycle method, On-road trace
and On-road trace with trailer modeled. At the final competition, the team is assessed
on how close the predicted VTS are to the actual data captured from the running
vehicle.
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Table 1.1: Performance VTS.
Stock

Design

Design

Vehicle

Y3

2013

Target

Require-

Technical

Compe-

ment

Specifica-

tition

tions

Results

Malibu

Acceleration

8.2 sec

9.5 sec

11.5 sec

9 sec

7.66 sec

8.0 sec

8.0 sec

10 sec

7 sec

3.86 sec

Braking (60-0

143.4 ft

143.4 ft

180 ft

171.5 ft

128.74 ft

mph)

(43.7 m)

(43.7 m)

(54.8 m)

(52.3 m)

Highway

10+%@ 60 3.5%@ 60

3.5%@ 60

11.76%@

Gradeability

mph

mph

mph

60 mph

16.6 ft3

7 ft3

9 ft3

7 ft3

5

≥4

2

5

2

Mass

1590 kg

<2250 kg

<2250 kg

2120 kg

2077 kg

Starting time

<2 sec

<2 sec

<15 sec

<2 sec

<2 sec

155 mm

>127 mm

130 mm

130 mm

(0-60 mph)
Acceleration
(50-70 mph)

Pass

@ 20 min
Cargo capac- 16.3 ft3
ity
Passenger capacity

Ground clear- 155 mm
ance

∗ Charge Depleting mode is modeled as Electric Only
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Table 1.2: EEC VTS.
Production
2013
Malibu

Competition 4-cycle
Design
method
Target

On-road
On-road
method
method
(test mass) (test mass
+ trailer)

Vehicle
range

736 km
[457 mi]
(CAFE)

322 km
[200 mi]

760 km
[475 mi]

590 km
[370 mi]

486 km
[304 mi]

Charge
depleting
range

N/A

N/A

36 mi∗

25.77 mi∗

21.65 mi∗

Charge
depleting
fuel
consumption

N/A

N/A

0
0
L/100 km∗ L/100 km

0
L/100 km∗

Charge
sustaining
fuel
consumption

N/A

N/A

5.4
L/100 km

5.51
L/100 km

6.7
L/km

UF-weighted
fuel energy
consumption

8.83
7.12
210.4
(lge/100km) (lge/100 km) Wh/km
[787 Wh/km] [634 Wh/km]

320
Wh/km

422
Wh/km

UF-weighted
AC electric
energy
consumption

N/A

N/A

1.45
Wh/km

105
Wh/km

110
Wh/km

UF-weighted
total energy
consumption

787
(Wh/km)

634
(Wh/km)

355.8
(Wh/km)

425
(Wh/km)

533
(Wh/km)

UF-weighted
WTW
petroleum
energy
(PE) use

774
(Wh
PE/km)

624
(Wh
PE/km)

196.5
(Wh
PE/km)

279
(Wh
PE/km)

366
(Wh
PE/km)

204
(g GHG
/km)

152.7
(g GHG
/km)

175
(g GHG
/km)

214
(g GHG
/km)

UF-weighted
253
WTW
(g GHG
GHG emissions /km)
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1.4

EFFICIENCY

Efficiency of a hybrid vehicle depends on the operating conditions when the engine
or the electric motor are commanded to be ON. Operating the electric motor and
the IC engine at their optimum efficiencies respectively, helps in achieving an overall
higher drive range. An ICE operates at peak efficiency at full load, high torque
conditions. Hence, utilizing this aspect, in order to maximize the efficiency, the IC
engine is commanded to be ON during initial peak loads, while the electric motor
is OFF. Further, at nearby-constant torque conditions, the electric motor is turned
ON. From this point, the motor is operated in charge depleting mode. Once, the
ESS reaches a minimum value of SOC, they enter in charge sustaining mode, in an
attempt to maintain a constant SOC value through regenerative braking until the ESS
is connected for charging. However, in reality, since the road profile is not known in
advance, the actual efficiency value is always lower than the estimated efficiency, but
is greater than in an all-electric only vehicle or a gasoline vehicle due to optimum
usage of IC engine and the electric motor at their peak effficiencies.
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2 HIGH-VOLTAGE SAFETY PROTOCOL
This chapter outlines the high-voltage safety protocol of the Purdue University
Ecocar2 Team. This protocol covers all interaction with the high-voltage system
and high-voltage work areas as well as the certification of members to work on the
high-voltage system. When working with high-voltage, safety is paramount as at the
voltage levels being worked on, it is very easy for a fatal mistake to occur if not
following safe work practices. This chapter starts with the basics and then defines
the protocols, certification procedures, steps for both, in and out of vehicle, in order to work on the high-voltage system. The chapter concludes with an outline of
responsibilities of high-voltage certified team members for safe conduct.

2.1

INTRODUCTION TO HIGH-VOLTAGE
For the context of this competition, high-voltage is any electrical potential above

50 volts present anywhere in the system. This means that if at any point more than
one battery module in the ESS (Energy Storage System) is connected to another one
then high-voltage is present. Even though a single module is not considered highvoltage, at 48.6 volts they are just below the cutoff and should be treated as if they
were high-voltage [9]. Therefore, for our purposes any electrical potential of 50 volts
or the presence of one battery module constitutes high-voltage.
High-voltage has a few properties which need to be understood. They are the
potential to cause a spark in air, danger of shock, and electro-magnetic interference
which will be covered in the following sections.
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2.1.1

AIR SPARK / ARC POTENTIAL

As the electrical potential increases, the chance of an electrical spark or arc occurring between two conductive objects increases. Due to the electrical properties of air,
the distance between two conductive (ability to conduct electricity example, metals)
objects for which a spark will occur increases with increasing voltage between the two
objects. When working with lower voltage systems, sparks normally only occur when
two contacts are brought within millimeters or less of each other. On a high-voltage
system arcing distance may be well over a centimeter. The potential to cause an arc
creates a few safety concerns, first, metal surfaces must be kept further away from
energized contacts, second, an arc could cause ignition of gases or material between
the two contacts, third, proximity to a contact may cause a shock to the person.

2.1.2

DANGERS OF SHOCK

Electrical shock is the main danger to people working with high-voltage systems.
For the competition, the high-voltage system is at 300 volts. The severity of the shock
received by a current from a high-voltage system is based on the following:
• Amount of current flowing through the body
• Path of current
• Length of shock
Some secondary factors are:
• Voltage of system
• Presence of moisture in the environment
In a dry environment the resistance of human skin may be as high as 100,000 ohms,
which would result in a current from a shock of 3 milliamperes (at system voltage).
However moisture in the environment may reduce skin resistance down to as low as
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1000 ohms, resulting in a shock current of 300 milliamperes [10]. Furthermore, cuts,
scrapes and other defects in the outer skin layer may decrease resistance, increasing
the shock current further. One important value to note is 30 milliamperes which is
the average “let go current” for a direct current system such as the one used. “Let
go Current” is the threshold amount of current at which the person receiving the
shock no longer can voluntarily let go of the object shocking them [11]. Table 2.1
shows results of some research on direct current electrical shocks (and although the
research is 50 years old it is still very relevant) [12]. The table highlights that near
500 milliamperes heart fibrillation is possible which will lead to death if the person
is not de-fibrillated. In addition to the effects in the table the victim of shock may
receive severe burns on their skin and possibly in muscle, damage to nerve tissue, and
extended pain after shock has been removed.
Table 2.1: Effects of DC shock by current [12].
Current Amount (mA)

Effect On Body

0.8

Slight sensation at contact points

4.4

Threshold of bodily perception

51

Pain, with voluntary muscle control

63

Pain, with loss of voluntary muscle control

75

Severe pain, difficulty in breathing

500

Heart fibrillation possible

The effects listed previously are not only dependent on magnitude of the shock but
also location, a shock going between the hand and forearm poses a lower risk than one
going from left hand to right hand. This is because of the path the current follows.
When the current only travels across the arm only the arm tissue may be damaged.
However when the current travels from one side of the body across the chest cavity
then the heart is put in the direct path of the current. This may lead to not only
fibrillation of the heart but may also damage the lungs as well. The consequences in
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such cases are much worse and can easily lead to death. In order to help prevent this
increased risk it is best to only work on high-voltage parts with only one hand being
used if possible to avoid completing an electrical current flow path through the body.

2.1.3

ELECTRICAL MAGNETIC INTERFERENCE

Electrical Magnetic Interference (EMI) is a disturbance that affects an electrical
circuit due to either electromagnetic induction or electromagnetic radiation. EMI is
a type of interference which may be given off by the high-voltage system and interfere
with other electrical systems in close proximity. As a result, the placement of the
high-voltage system components and their interconnections need to be spaced appropriately, according to the design rules, in order to ensure a safe distance maintained
with respect to other electrical systems. EMI may also be reduced through the use of
shielding, in which the high-voltage device or connection is encased in a conductive
metal which is then grounded to prevent any interference from radiating beyond the
shield.

2.2

OVERVIEW OF THE IN-VEHICLE HIGH-VOLTAGE ELECTRICAL SYSTEM
This section introduces and explains the different parts of the high-voltage system.

The parts of the system are broken down into two main groupings: the ESS, and the
motor and peripheral components. All of the components of the high-voltage system
are installed into the rear of the vehicle in the trunk area.

2.2.1

ENERGY STORAGE SYSTEM

The Energy Storage System is the part of the high-voltage system consisting of
the battery modules, the associated power electronics, the battery box enclosure and
the cooling system.
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Figure 2.1: Energy storage system.

Battery Modules
There are six battery modules in the ESS enclosure. The battery modules are
made up of 45, 3.2 volt cells grouped in the 15s3p configuration. Each module has
a total voltage of 48 volts. The modules also include two MBB’s per module. The
MBB’s are the measurement and balance boards and are used to monitor each 3p
group of cells in the module as well as balance the voltages of the 3p groups. The
MBB’s communicate with the BCM over a CAN bus internal to the ESS system.
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Figure 2.2: ESS battery modules.

Battery Control Module (BCM)
The battery control module (BCM) controls the operation of the battery pack and
the ESS. The BCM gathers data from each of the two MBB’s on each pack along with
information from the CSM to control the operation and detect faults. The information
gathered by the BCM is made available to the vehicle controller via a CAN bus. In
order to function in the vehicle the BCM communicates with the vehicle controller to
energize and de-energize the high-voltage bus as well as to track the current status
of the high-voltage system. The BCM is connected directly to the CSM, EDS, and
connects to the rest of the vehicle through a low-voltage communication port on the
outside of the ESS enclosure.
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Figure 2.3: Battery control module.

Current Sense Module (CSM)
The current sense module (CSM) provides the level of electrical current flowing
through the battery pack to the BCM. This enables the BCM to regulate the pack
and help prevent situations which would lead to overly rapid charging or discharging
of the battery pack.

Figure 2.4: Current sense module.
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Manual Service Disconnect (MSD)
The manual service disconnect (MSD) is a maintenance device on the ESS. The
MSD is used to de-energize the ESS before any work is done on the high-voltage
system or ESS. The MSD is located in the middle of the pack electrically (3 modules
on each side). Inside the MSD plug is a 250A fuse which is used to prevent the battery
pack from shorts.

Figure 2.5: Manual service disconnect.

Energy Distribution Module (EDM)
The energy distribution module (EDM) contains the contactors which enable the
BCM to automatically energize and de-energize the high-voltage bus of the vehicle
during startup and shutdown. The contactors in the EDM connect the battery pack
terminals to the bus and operate like electrically actuated switches.
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Figure 2.6: Energy distribution module.

Enclosure & Miscellaneous
The enclosure of the ESS includes the top and the bottom lid which are fastened
to the middle cooling plate that provides support to the ESS. The top lid contains a
cutout and mounting plate for the external electrical connectors. The external electrical connectors are the primary high-voltage connector, high-voltage test connector,
low-voltage communication connector, high-voltage inline fuses and coolant temperature probe connector. In addition to the connector plate is a cutout through which
the MSD is fastened. The top lid may not be removed without the removal of the
MSD first, which is a mandatory requirement for the competition for safety concerns.
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Figure 2.7: Energy storage system - enclosure.

2.2.2

MOTOR AND PERIPHERAL COMPONENTS

The remaining parts of the high-voltage system consist of the motor and the
peripheral components. The motor houses the distribution center to connect all
other high-voltage components to, as well as the inverter. The peripheral components
consist of the APM, HVAC, and the Brusa charger.

Motor
The motor is located between the rear wheels and provides the traction for the
rear wheel drive. The motor also contains a junction block and inverter module
mounted to the top. The motor is a brush-less direct-current type and utilizes a
three-phase inverter to operate. The motor junction box connects internally to the
inverter which then controls the currents applied to the motor. The junction box is
directly connected to all the other high-voltage components via the three auxiliary
high-voltage connections. The ESS enclosure connects to the motor via the primary
high-voltage connection on the motor junction box and the high-voltage connector
on the ESS enclosure. The connection between the ESS and the motor supports a
maximum continuous current of 250A.
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Auxiliary Power Module (APM)
The auxiliary power module (APM) provides a 12 volt power supply to supplement
the vehicles existing 12 volt system. The APM is a DC/DC converter which converts
the high-voltage from the ESS to 12 volt for the low-voltage systems. This allows
for the 12 volt system to remain operational while the engine is shutoff and the
alternator is not running. Without the APM when the engine is shutoff the 12 volt
reserve battery would drain off during operation. The APM is connected to the motor
junction box at terminal A through a 30 ampere fuse.

High-Voltage A/C Compressor (HVAC)
The high-voltage A/C compressor (HVAC) acts as the compressor for both the
battery cooling loop and the internal climate control system of the vehicle. The
compressor is connected to the junction box on the motor at terminal C through a
15 ampere fuse.

On-board Charger
The on-board Brusa charger allows the vehicle to charge the high-voltage system
when attached to an off board EVSE. The on-board charger converts the alternating
current provided by the EVSE to direct current at the system voltage to charge the
battery pack. The charger is connected to the motor junction box at terminal B
through a 15 ampere fuse, in addition the charger is connected to the EVSE input
port on the driver’s side of the vehicle to allow connection to the off-board equipment.
The on-board charger supports both level 1 & 2 AC charging.

2.3

OVERVIEW OF WORK AREAS
There are two main classifications of work areas, in which high-voltage work may

occur. The first area is the regulated high-voltage area at the lab space, this space is
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used primarily for high-voltage work on the ESS. The second is any unregulated work
area which includes working in the car while in the lab or working on the system
at competition. The two areas are described in additional detail in the following
sections.

2.3.1

HIGH-VOLTAGE WORK AREA

Figure 2.8: High-voltage work area.

The high-voltage work area is located in a corner of the lab. This area is approximately a 10ft x 10ft square area. It is enclosed on two sides by the lab walls and
on the other two sides by two see through barricades of six feet height. The movable
barricades are attached to the walls at one end via a chain, and are chained and locked
together at the other corner. The key for the high-voltage area is only available to
Level 2 certified persons. This makes the work area a regulated area, as it is blocked
off from public access and only certified persons may gain entry. The high-voltage
area is the only area in which energized work of any kind may be done unless there
is an extenuating circumstance in which this would be impossible. When energized
high-voltage is present it is highly recommended only Level 2 certified persons be in
the high-voltage area.
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Figure 2.9: EcoCar2 work area layout.

2.3.2

IN CAR / UNREGULATED AREA

All other work areas fall under this category of in car or unregulated area. What
this means is that work is being conducted in a location in which access to the location
is not restricted to only certified persons. The unregulated areas require the use of
certain additional procedures to ensure the safety of team members when high-voltage
work is being done in these locations. The procedures for working in these areas is
detailed in 2.7.3

2.4

PERSONAL PROTECTIVE EQUIPMENT
The following personal protective equipment is required at all times:
• Pants - full length
• Shirt - either short sleeve or long sleeve, sleeveless shirts NOT allowed
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• Footwear - closed toed shoes or boots, NO soft soled shoes or Slip-on shoes
• Eye Protection - safety glasses must be worn AT ALL TIMES, they are available
in lab
When working with certain objects or tools additional PPE may be required:
• Hand Protection - when working with power tools, repetitive impacts, chemicals,
or surfaces which may rub, cut, or tear skin
• Hearing Protection - when operating or near equipment which is loud
When working with exposed high-voltage or potentially exposed high-voltage the
following additional PPE is required
• NO metallic personal accessories (ie watches, bracelets etc)
• High voltage insulating gloves with leather covers
2.5

HV RATED TOOLS
Equipments with insulation protection rated to work on voltages up to 1000 V

are used while working on any high-voltage system. These tools are meant to be used
exclusively for work pertaining to high-voltage systems and are not used for any other
purposes. A tool set for this purpose was donated to the team by SnapOn. A list of
items in the tool box is:
• Torque Wrenches
• Ratchets
• Sockets
• Screwdrivers
• Pliers
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• Torx head drivers
• Extensions
• Hammers

Figure 2.10: High-voltage tools.

2.6

CERTIFICATIONS

2.6.1

REASON FOR CERTIFICATION

The high-voltage certifications were developed to ensure the safety of team members working on or around the high-voltage system by providing education about the
system, ensuring only qualified persons perform high-voltage work, and reducing the
chance of mistakes. The certification is applicable for all persons who wish to become
qualified for work on or around the high-voltage system.
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2.6.2

LEVELS OF CERTIFICATION

There are two levels of certification. The Level 1, for members working within the
vicinity of the high-voltage system, and the Level 2, for members working directly
on the high-voltage system components. As this is a tiered system the lower level is
required as a prerequisite to work toward the next level.

Certification Level 1 (High-Voltage Presence Certified)
Certification Level 1 is for members who intend to work near the enclosed highvoltage system. This applies to team members who plan on working on but not
limited to the following:
• ESS Enclosure
• Installation / removal of ESS Enclosure
• Work in the rear section of the car when any high-voltage component is energized
• Use of the charge port and associated off-board charger
• Installation / removal of de-energized high-voltage components
• Aware of dangerous conditions & event response
This certification level will be available to those who are determined to need to work
on the listed items or who have been requested to be certified by a team lead and
approved by the faculty.
Level 1 certification covers the following areas:
• Aware of voltage present in high-voltage cable & present danger
• Understanding the procedure for work as outlined in Sections 2.7.1 & 2.7.3
• Ability to identify high-voltage cable and components in Section 2.2
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• Understanding of responsibilities outlined in Section 2.8
• Understanding of lock-out tag-out procedure
Certification Level 2 (High-Voltage Work Certified)
Certification Level 2 is for members who wish to work on the high-voltage system
both enclosed and exposed. This applies to team members who plan on working on
but not limited to the following:
• ESS system including all internal wiring and components
• High-Voltage interconnections
• Energized high-voltage components
• Energizing / De-energizing of the system
This certification level is intended for those who are determined to need to work
on the listed items or who have been requested to be certified by a team lead and
approved by the faculty. The team member must have been previously certified for
the lower level before being able to be certified for this level. Level 2 certification is
limited to those team members who will be working on the high-voltage. As the total
number of team members with Level 2 certification increases so does the complexity
of the lock-out tag-out procedure and the chance of a “too many people working at
once” incident. As recommended, the number of active Level 2 certifications at any
time is restricted to approximately four members.
Level 2 certification covers the following areas:
• All Items from Level 1, Section 2.6.2
• Proper use of high-voltage DMM & high-voltage tools
• Proper use of high-voltage PPE
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• Energizing and de-energizing procedures
• Ability to interpret system electrical schematics and identify physical components
• Understanding work procedure as outlined in Section 2.7.2
2.6.3

METHOD FOR CERTIFICATION

The procedure for both levels of certification is carried out in the same manner.
Each certification procedure covers the relevant material for the level of certification and may contain material from lower levels as a check for retention of previous
knowledge. The certification is carried out on an individual basis upon request of the
person to be certified and approval by the team committee (leads & faculty).
The certification is done by an assigned supervisor and is solely at their discretion.
Candidates demonstrating knowledge and required competence of above outlined minimum requirements to the supervisor, are considered to be certified at the respective
level. The candidate is allotted up to maximum three chances to prove his proficiency with the system. Candidates requiring level 2 certification had to complete
level 1 certification prior to obtaining a level 2 certification. The certification procedure consists of verbal answers and/or practical demonstration of safe practices.
It is at the discretion of the supervisor to test the candidate’s knowledge according
to their requirement, however it is recommended to use a combination of verbal and
practical demonstration. Upon successful demonstration to prove ability to work on
or near high-voltage, depending on the level of certification, the candidate has to sign
an agreement document which states that he/she is completely aware of potential
threats of high-voltage and he/she completely understands the same. Whereupon,
the candidate’s name is enlisted in the high-voltage certified persons list and the list
is displayed near the high-voltage area.
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2.6.4

VIOLATIONS AND REVOCATION

If at any point any member of the team was observed to be in violation of the
high-voltage protocol then an appropriate action is taken. Once the violation has been
pointed out, the work being conducted is stopped IMMEDIATELY or continuance of
work was regarded as a second violation “failure to stop unsafe work”.

Actions
Based on the violation and number of occurrences the action will be determined
as follows:
• Violation which caused NO damage to persons or equipment
– First time violation - a warning issued and the incident was recorded
– Second time violation - at Team Lead / Faculty discretion either a warning
was issued and the incident is recorded or certification was revoked
– Third time violation - certification was revoked immediately
• Violation which causes damage to persons or equipment
– First time violation - certification was revoked immediately
It should be noted that members who were not certified, could still have points
counted against them with an incident which would cause revocation counting as a
“virtual” revocation towards the re-certify count. Furthermore members in violation
of the high-voltage protocol might get an automatic “virtual” revocation upon entering any high-voltage area either the lab high-voltage area or any temporary barrier
setup high-voltage area.
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Incident Records
All incidents and revocations were recorded and made available either in print or
electronically to the whole team. The minimum recorded information is as follows:
• Date and time of incident
• Name(s) of person(s) involved
• Certification levels of person(s) involved
• Assessment of damage (or list as none)
• Brief description of event
• Resulting actions per each person involved and violation count (ex. Person A warning issued - first)
In addition to the incident report, a list of ineligible members for certification or
recertification was maintained, details on eligibility in Section 2.6.4

Revocations
Once a team member had been revoked their certification they were no longer
permitted to perform any of the work they were previously certified on. Depending
on the circumstances of revocation the member may or may not be re-certified. The
following lists the possible ability for members to be re-certified:
• First Time Revocation & NO damage - CAN Re-certify Level 1 & 2
• Second Time Revocation & NO damage - CAN Re-certify Level 1 & upon faculty
and building safety approval Level 2
• Third Time Revocation & NO damage - CAN Re-certify Level 1 ONLY with
faculty and building safety approval; CANNOT Re-certify Level 2
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• Fourth Time Revocation & NO damage - CANNOT Re-certify ANY Level
• Revocation with damage - CAN Re-certify Level 1 ONLY with faculty and
building safety approval and ONLY ONCE; CANNOT Re-certify Level 2
If a member was found to be able to be re-certified, they were only re-certified after
reviewing this document and applying to be re-certified. Members were expected to
wait at least TWO days after the incident report had been published to the team (in
print or electronically) to apply for re-certification. This allowed time for everyone
to be made aware of the incident. After a member had applied to be re-certified and
cleared the above list for eligibility then if there were no objections from the team leads
or faculty they were re-certified. If there were objections, then a meeting between the
team leads and faculty was held to reach a consensus. After a consensus was reached
then the team member may or may not be re-certified; if the team member WAS
NOT re-certified then they would be added to the ineligible list.

2.7

PROCEDURES
This section details the procedures for working on or around the high-voltage

system by certified persons. This section is broken down into a general section and
two specific sections dealing with specifics to each work area.

2.7.1

GENERAL PROCEDURES

The general work procedures apply to all work areas and all high-voltage work.
The general procedures are intended to be used in addition to the existing lab space
work policies and procedures however some items may be reiterated here.
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Work Area Inspection
Before beginning any work and after applying the correct PPE, inspect the work
area to determine if it is safe. Things to look for before starting work include but are
not limited to:
• Any loose item on the ground
• Excessive amounts of dust or small debris on the ground
• Unused loose tools not put away
• Unused plugged in power tools
• Liquids on the ground or open liquid containers
After identifying or finding any of the aforementioned hazards or any other work
hazard, correct the hazard before beginning work in the area. If there are any hazards
that are unable to be resolved, a team lead should be contacted in order to address
the hazard. After the work area is made safe or determined to be safe, work may
progress as defined in the work protocols.

General Work Policy
When work is being done on or around the high-voltage system a minimum of two
certified persons must be present during the duration of the work. There shall not
be in whatsoever circumstances a member working alone on the high-voltage system.
This ensures the presence of other high-voltage certified person in case of unforeseen
circumstances.
When working on the high-voltage system in any of the areas, a Level 2 person
must be present at all times if there is energized high-voltage or there are LOTO’s
in place. The only exception to this is if work needs to continue over a long duration
of time and the high-voltage system has been de-energized and LOTO’ed. If this is
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the case then the team lead may approve that no Level 2 certified persons be present,
however this is at the discretion of the team lead. If work is approved to move on
without a Level 2 certified person present then only Level 1 actions may take place.

Lock-Out Tag-Out (LOTO)
The lock-out tag-out (LOTO) procedure followed by the team for high-voltage
follows the general LOTO procedure for the team with the following exceptions:
• Only Level 2 certified persons may LOTO high-voltage components and circuits
• Level 2 certified persons may LOTO high-voltage work areas and equipment
in the area as needed for work to be conducted. This is especially true when
working in the unregulated areas. When a Level 2 certified person LOTO’s in
an area for high-voltage work, that LOTO has precedence over all other LOTO’s
and/or work in progress.
Procedure for LOTO:
1. Turn off the vehicle ignition if ON and lock the keys in their designated area.
2. Activate the 12 V Disconnect switch.
3. Remove the MSD from the ESS.
4. Verify zero energy flow as described below.
Using a voltmeter measure the pack high-voltage across: (The voltage readings
should be zero)
• POS to NEG
• NEG to Pack Chassis Ground
• POS to Pack Chassis Ground
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• NEG to MSD (both sides of pack side MSD socket)
• POS to MSD (both sides of pack side MSD socket)
5. Place the MSD in its compartment and lock the box with a description tag on
it.
6. Chains and confinement to be enforced to prevent any possible/accidental entry
near the vehicle.
7. The person performing LOTO should fill out the LOTO form and keep it in the
records binder.
8. A LOTO tag having details of the person performing the LOTO, reason and
date should be put up.

Emergency Procedure
Following emergency procedure is followed by the team:
In the case of any emergency please contact 911 if the situation requires it. As the
primary cause for concern is electrical shock, it will be addressed first. In the case of
electrical shock:
1. DO NOT TOUCH the person receiving the shock.
2. If the shock is not over in < 1 sec find a NON-CONDUCTIVE item of at least
3ft in length.
3. Use item to forcefully move person receiving shock away from source of shock
until they are no longer being shocked.
4. If 911 has not been called, call NOW.
5. Determine the state of the victim and work with 911 operators until help arrives.
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Other emergencies which may happen around the battery pack including, fire/sparking:
1. Call 911!
2. Do NOT attempt to use water to put out the fire or a standard fire extinguisher.
3. If a CLASS C fire extinguisher is present it may be used to attempt to put out
an electrical fire.
4. If a safe distance of at least 3ft can be maintained and fire is not out, move
flammable materials away from fire ONLY IF fire is still smaller than a 4ft by
4ft area.
5. If fire continues, evacuate everyone from the area to a safe location outside the
building.

2.7.2

WORK IN THE HIGH-VOLTAGE AREA

Work in the high-voltage area is done in a regulated environment and thus is easier
to ensure a level of safety. After following the general procedures on PPE and work
area safety, work may be started in the high-voltage area. The steps to begin work
in the high-voltage area are shown in Table 2.2
Table 2.2: Steps to begin work in high-voltage area.
Step

Action

Certification Required

1

Unlock work area

Level 2

2

Place work in progress sign

Level 2

3

Make sure work area is safe

Level 1 & 2

4

De-energize system to be worked on

Level 2

5

LOTO if necessary

Level 2

6

Verify de-energization

Level 2

7

Begin actual work

Level 2 & Level 1 (where applicable)
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After work has concluded in the high-voltage area the procedure outlined in Table
2.3 will be followed:
Table 2.3: Steps to end work in high-voltage area.

2.7.3

Step

Action

Certification Required

1

Clean up work area

Level 1 & 2

2

Remove LOTO if necessary

Level 2

3

Energize system if necessary

Level 2

4

Lock work area

Level 2

5

Remove work in progress sign

Level 2

WORK IN THE CAR OR OTHER UNREGULATED AREAS

Unregulated work areas cover all areas that are not the high-voltage work area. In
these areas extra steps are required to ensure a safe environment for members. The
additional steps help setup a temporary regulated area and makes use of LOTO’s
to help ensure safety. After following the general procedures on PPE and work area
safety, work may be started in an unregulated work area. The steps to begin work in
an unregulated area are shown in Table 2.4
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Table 2.4: Step to begin work in car or unregulated area.
Step

Action

Certification Required

1

LOTO necessary devices

Level 2

2

Setup barriers around work area with a mini-

Level 2 & Level 1

mum of three feet to any high-voltage to bar- if additional help
rier

required

3

Verify regulation of work area

Level 2

4

Place work in progress sign

Level 2

5

De-energize system

Level 2

6

Verify de-energization

Level 2

7

LOTO system

Level 2

8

Begin actual work

Level 2 & Level
1 (where applicable)

After work has been concluded the procedure outlined in Table 2.5 will be followed:
Table 2.5: Step to end work in car or unregulated area.
Step

Action

Certification Required

1

Clean up work area

Level 1 & 2

2

Remove system LOTO if necessary

Level 2

3

Energize system if necessary

Level 2

4

Remove barriers

Level 1 & 2

5

Remove work in progress sign

Level 2

6

Remove additional LOTO as required

Level 2
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2.8

RESPONSIBILITY OF CERTIFIED MEMBERS
As outlined before, there are two levels of certifications for the members, level 1

for members to work near the High-Voltage system and level 2 for members working
on the high-voltage system respectively. All certified members are responsible for
• Following all general lab procedures
• Following the high-voltage procedure
• Ensuring the safety of the workplace
• Returning all tools located in restricted areas once they are no longer being
used.
In addition to these, Level 2 certified persons are responsible for (at least one Level
2 at all times):
• Maintaining a presence over all work near or on the high-voltage system
• Being present when work is being done in the high-voltage area
• Ensuring all devices are properly LOTO’ed
• Ensuring that the system is de-energized before work starts
• Placing the work in progress sign
2.8.1

START-UP PROCEDURE

The team has developed following start-up and shut-down procedures which are
followed every time work is performed on the HV system. A complete record log is
maintained documenting all the work history with names of team members performing
the HV task, date, work description with the following procedures initialized.
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Table 2.6: High-voltage level 2 start-up checklist.
Step

Action

1

Ensure safety glasses are worn
and NO metallic items on person
(Metallic items include but are
not limited to: clips, belt buckles, zippers, bracelets, watches,
etc)

2

All tools for work are gathered

3

Unlock work area (Atleast 2
Level 2 persons if working on
the ESS box, 1 member ok for
certification)

4

Place work in progress signage

5

Shut the HV area after entering to prevent accidental entry

6

Make sure work area is safe

7

Wear HV gloves after visually
inspecting them for any damage

8

De-energize system by removing MSD (*individual battery
modules are still energized)

Initial

Initial Initial

Initial
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Table 2.6: continued.
Step

Action

9

Verify system is de-energized
(measured voltage across bus
is < 10 V). Other person
should hold the multimeter
while checking

10

Upon suspecting any unsafe
conditions LOTO if necessary
(Unsafe conditions include but
are not limited to: Any HV
connection found to be loose or
removed without prior knowledge,

any connector found

to be unplugged, the system
found to be energized, etc.)
11

Ensure there are no metal tools
in contact with LV or HV (Use
only HV designated tools once
ESS covers are off - These tools
are kept in the HV tools box
inside the SnapOn Tool set.
The tools can be distinguished
from other non-HV by their
red/orange color and insulation on the tool)

12

Begin actual work

Initial

Initial Initial

Initial
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2.8.2

SHUT-DOWN PROCEDURE

Table 2.7: High-voltage level 2 shut-down checklist.
Step

Action

1

De-energize the system by re-

Initial

Initial Initial Initial

moving the MSD and stowing
it in its designated area
2

Secure the ESS lids if permissible. If no lids are being put
up, use the protective cover to
cover the ESS

3

Replace HV gloves and all
tools in appropriate locations

4

Clean up the work area

5

Remove work in progress sign

6

Lock the work area

2.8.3

SERVICING PROCEDURE

Service Procedure for Non-HV Vehicle systems
Team built non-HV vehicle systems are strongly related to control electrical circuit, so low-voltage operation systems follow the four procedures listed below:
1. Turn on the low-voltage switch.
Whenever you need to turn on low-voltage switch, you have to follow the following procedure.
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• Keep the low-voltage electric circuit open.
• Measure low-voltage of low-voltage battery to make sure voltage is above
11 V and SOC is above 40%. If not pass this procedure, ask team leader
to charge the battery.
• Test whether there is short between battery positive to chassis ground. If
not, pass this procedure, let team leader pin down potential short.
2. Working on MABX
Whenever you need to work on MABX, you have to avoid any potential mechanical damage to MABX and finish step 1.
• Test MABX power supply female connector. Voltage should be above 10.5
V and having no short to chassis.
• Turn off main low-voltage circuit before ZIF and power supply connector
are connected to MABX.
• Tighten ZIF and power supply connector, and then turn on main lowvoltage circuit.
• Check MABX status LED. If LED is off, please turn off main circuit,
disconnect ZIF and power supply and then report it to team leader.
• Connect net cable to host PC and establish communication. The MABX
IP should be 198.162.140.1. PC IP should be 198.162.140.2
• Keep the MABX power supply connected and above 10.5V when you download the program.
• When MABX is not used, please turn off the main circuit, disconnect ZIF
and power supply and then put MABX away.
3. Working On Electrical Terminal
Whenever you need to work on electrical terminal, please notify other working
groups and then turn off the low-voltage battery.
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• Notify control group or electrical group who is working.
• Turn off the battery main circuit after getting permission from other
groups.
• Insulate and label each terminal.
• When done, notify other groups.
4. Turn off the low-voltage battery
• Notify other groups that you will be switching off the battery.
• Turn off the battery after getting permission.
• Make sure the 12V battery switch is off if you are the last person leaving
the workshop.

Service Procedure for HV Vehicle Systems
Assuming that any exposed part of the HV system could be live, the initial disabling of the HV vehicle for servicing would be performed by Level-2 HV team certified
members only. Level-2 certified team members are certified of being capable to work
on the HV system. Level-1 certified team members are certified to work “around the
HV system, in presence of Level-2 members only.

Notification of work:
Appropriate use of signs and confinements is enforced at all times for safety and
awareness purposes. All the team members are notified of any significant on-going
work on the vehicle via email along-with any additional precautionary measures
needed to be followed as necessary.
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Procedure for safe work area:
1. Confine the vehicle area by using posts and chains leaving adequate exit path
2. Place proper signs on and around the vehicle, like “HV Work in Progress”, to
make the team aware of the ongoing work
Guidelines for PPE:
Level-2 team members will be wearing at all times while working on the highvoltage system, the recommended PPE. This includes but not limited to, the HV
gloves, safety goggles, rubber soled shoes and other normal checkpoints. The highvoltage gloves are periodically re-certified every 6 months and a certification log is
maintained. No metal jewelry to be worn. Use of cotton clothing is mandated while
working on the high-voltage system.

Qualifiers that would waive HV PPE:
In the event of working on the system which has no exposed high-voltage and
wherein the ESS has been deenergized and verified, HV PPE may be optionally
waived out.

Approved HV tools:
Working on the high-voltage entails use of only HV-rated tools at all times. These
include the high-voltage tools from the Snap-On donated tool box. Other tools like
HV-rated (600 V) hex headed torx screwdriver, which is purchased separately, are to
be used, as outlined in Section 2.5.
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Safety Inspection:
1. Test leads and probes of DMM:
Check test lead resistance:
• Insert leads in V/Ω and COM inputs
• Select Ω, touch probe tips. Resistance value should be at 0.1- 0.3 Ω
Visual check for:
• Double insulation
• Shrouded connectors, finger guards
• Insulation not melted, cut, cracked, etc.
• Probe tips not loose or broken
Procedure for removing ESS from vehicle:
1. Turn off the ignition. This will cause the ESS contactors to open.
2. Remove any external power sources like a charging cord or 12 V battery charger
that may still be plugged in.
3. Remove the Manual Service Disconnect from the ESS system. This results in
cutting the pack voltage in half.
4. Disconnect all the high-voltage connections.
5. Perform zero-volt checks (all readings should be zero volt) to ensure that the
high-voltage is actually disabled.
Zero-volt checks:
Using a voltmeter measure pack HV connections across: The following voltage
readings should be zero.
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• POS to NEG
• NEG to Pack Chassis Ground
• POS to Pack Chassis Ground
• NEG to MSD (both sides of pack side MSD socket)
• POS to MSD (both sides of pack side MSD socket)
6. Wherever present, remove any grounding cables connected to pack.
7. Remove coolant lines, drain coolant use a positive pressure ( 10 psi) to evacuate
the coolant and cap lines once completed.
8. The pack can now be physically removed from the vehicle.
Procedure for accessing ESS internals:
1. Once the pack is removed from the vehicle and is on the battery stand, roll it
in the designated high voltage area. If this work is being done where there is
no designated high-voltage area, roll the pack to a safe open area.
2. Secure the area with physical chains allowing enough room for movement and
exit in case of any emergency.
3. Post up signs to indicate “High-Voltage Work in progress”.
4. Gather the required tools.
5. Ensure that proper PPE is worn / safety glasses, HV rubber gloves, and other
PPE requirements.
6. Unbolt the top and the bottom lids.
7. Position the lids at a safe place.
8. Confirm system de-energization by three point check method.
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9. If the system is properly de-energized, start the high-voltage work on the ESS
internals. Else, deenergize the system.
Steps to reassemble:
1. By wiggle testing method, inspect the pack for any potential loose connections.
2. Confirm all connectors are secured in properly.
3. Secure the lids back on.
4. Put back all the tools in their designated area.
5. The pack can now be rolled out of the high-voltage area/secured area.
6. Remove the physical confinements and signs posted in the high-voltage area.
7. Secure area around the vehicle and post signs of “High-Voltage Work in progress”
to ensure that no other team member would be working on the vehicle while
the ESS integration in the vehicle is in progress.
8. Mount the pack in the vehicle.
9. Plug back in the MSD.
10. Remove the confinements and posted sign for all to resume their work.
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3 ELECTRICAL SYSTEM DESIGN
3.1

ELECTRICAL ARCHITECTURE OVERVIEW

Figure 3.1: Electrical architecture.

The electrical drive-train as illustrated in Figure 3.1 can be divided into two subsystems, the low-voltage and the high-voltage systems. The high-voltage subsystem
consists of the energy storage system which is a 16.2 kW-Hr, 58.8 A-Hr, 6-module
A123 donated battery pack, the 103 kW Magna motor with an integrated inverter
on the top, the 300 VDC high-voltage A/C compressor and the bidirectional DC-DC
converter. In an all-electric mode, the ESS powers the system through the distribution box which sits on top of the Magna motor. During charging of the ESS batteries,
the charge is fed into the ESS from an AC outlet through the Brusa charger via the
same distribution box. The low-voltage subsystem consists of the 12 V battery, the
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low-voltage auxiliary components, the starter, and all the additional controllers that
are added by the team like, the motor controller, the HV battery control module
(BCM), and the supervisory controller MicroAutobox. When the 12 V battery SOC
drops below 20 percent, the low-voltage subsystem is powered from the high-voltage
subsystem via the DC-DC converter.

ELECTRICAL SCHEMATICS
Next, the electrical inter-connections, both high-voltage and low-voltage are discussed in detail.

3.1.1

HIGH-VOLTAGE SCHEMATIC

As discussed before, the high-voltage subsystem covers interconnection of the highvoltage components, the energy storage system, the Brusa charger, the DC-DC converter, the high-voltage A/C compressor and the Magna motor. Figure 3.2 describes
in detail the high-voltage connection between these components. The Magna motor
has a distribution box integrated on top of it. The ESS connects to this distribution
box on one side. On the other side, there are three incoming slots, one each for, the
Brusa charger, the DC-DC converter and the HVAC. As seen from the schematic,
all the high-voltage connectors have a built-in high-voltage interlock loop (HVIL) in
them. One end of this loop is always energized (12 V), while the other end starts
inside the ESS and runs through Magna, HVAC, DC-DC converter, and the Brusa
charger respectively.
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Figure 3.2: High-voltage schematic.
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Pack Connectors
PIM_HV: Tyco HV 800
Bus_HV: Tyco HV 800
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9
DC-DC Connectors
HV: Delphi Shield-Pack™
LV: Screw Terminals

MISC
-- All low voltage wiring will be SAE J1128 or SAE J1127
-- All high voltage wiring will be SAE J1654
-- CAN Cable to be SAE J1939 compliant cable
-- All HVIL cable is 20 AWG
-- General G uidelines SAE J1292 & NEC Table 310.16
-- All contactors rated above continuous current and above system voltage
-- Main HV cable is Champlain Cable EXRAD XLE 1/0AWG 339 Ampacity
-- See ESS schematic for isolation meter and GFI Test Point
-- See EDS schematic for EDS system and integration with HV system
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1. SAE J1772-2012 Connector from Chevy Volt
2. HVIL Source is tied to 12V via rear fuse block through the EDS
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4. HVIL source provided through 12V signal from P IM
5. HVIL monitored by PIM to ensure safety while charging
6. Detailed view of ESS is shown in ESS schematic
7. Fuse provided by A123
8. Only high voltage connectors listed
9. Exact HV Connector part number being determined
10. Integrated distribution box, inverter, capacitor bank, and motor
11. J1-13 HVIL_IN (although HVIL rou tes to J1-2 Pin2 directly on latest info) using
jumper to reroute through loop
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3.1.2

ENERGY STORAGE SYSTEM SCHEMATIC

Figure 3.4 shows in detail the internal connections of the Energy Storage System. A
250 Amp Manual Service Disconnect (MSD) fuse separates the pack in two, 3 modules
each connected on either side. By this, the pack voltage gets cut into half of its total
value, whenever the fuse is removed. Each of the modules have two terminals, one
positive and one negative, thus making a total of 12 terminals...1P, 1N, 2P, ... , 6P,
6N. The MSD is connected between 3P and 4N terminal of the modules. The module
high-voltage connection sequence is as follows as shown in Figure 3.3.

Figure 3.3: Energy storage system - high-voltage wiring schematic.

For testing purposes, the high-voltage bus side terminals are made available outside the pack through the high-voltage test connector. The wires for this test connector are fused at 1A, 300 Vdc.

1. Only high voltage connectors listed
2. To 12V through rear fuse block
3. For debugging
4. For o -board charger (unused)
5. For on-board Brus a charger
7. The BCM provides the is ola on meter reading to the
CAN bus
10. HV / GFI test point Newark 94C5447
11. Safety fu ses for test po int as minimal cu rrent should
ow through this connec on
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Figure 3.4: Energy storage system schematic.

BATTERY
-- Cells are Lithium-Ion Type
-- Each Pack is 48V nominal
-- Total System nominal voltage is 292V
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Each ESS module has two low-voltage connectors, one on each terminal. The modules are daisy chained with the CSM and the BCM on both sides of the 6 modules.
The low-voltage harness for the modules carries 12 V power, GND, CAN and module
fault communication lines. The CAN communication lines are terminated via a 120 Ω
resistor on each end. The vehicle-side low-volatge connector communicates with the
BCM and provides it some very crucial signals like the Vehicle wake, Charge wake,
Module CAN, Vehicle CAN, etc. All the low-voltage connectors, the BCM, the EDM,
MSD, HV vehicle-side connector, temperature sensor, etc have built-in HVIL in them.
The HVIL is a low-voltage continuous closed loop signal that when lost by BCM, is
monitored as a fault or possible short between the low-voltage and high-voltage systems. The top and bottom lids have mechanical provision for HVIL implementation,
implying that, unless the MSD is taken off, the lids cannot be removed. Upon faulting
the HVIL, the contactors are opened immediately.

3.1.3

LOW-VOLTAGE SCHEMATIC

Figure 3.5 describes the low-voltage wiring as implemented in the vehicle. All
the high-voltage components have in addition a separate low-voltage connector that
brings in the 12 V power signal, ground signal and CAN communication lines apart
from other accessory signals. Since there were many low-voltage wires in the rear
of the vehicle, a separate fuse block was installed in the rear, apart from the front
main fuse block to avoid routing all the low-voltage wiring from rear to the front fuse
block. The MicroAutobox (MABX) provides all the low-voltage control signals to the
components.
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Figure 3.5: Low-voltage schematic.

MISC
-- All low voltage wiring will be SAE J1128 or SAE J1127
-- All high voltage wiring will be SAE J1654
-- General G uidelines SAE J1292 & NEC Table 310.16
-- CAN and Control Wire 18AWG

1. Fuse Block added in trunk
2. Existing Fuse block in en gine compartment
3. Existing main battery fuse and existing cable size
4. Standby power for devices when 12V dis connect is turned off
5. Existing 175A APM Fuse location to be used
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7. Only LV connections shown
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10. To SAE J1772 Connector
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3.1.4

EMERGENCY DISCONNECT SCHEMATIC

The Emergency Disconnect System consists of two E-Stop (Emergency Stop) switches
and one inertia switch. One of the E-Stop switches is mounted on the front dashboard,
one on the rear bumper and the inertia switch is mounted on a sturdy accessible location. The main objectives of the EDS is to stop the supply of fuel to the engine,
stop the engine, de-energize the high-voltage system and disable charging if the ESS
is charging, whenever the EDS system is activated. The EDS system is discussed
in more detail in Section 3.5.1 This EDS system, as shown in Figure 3.6 is an NC
(normally closed) type circuit. Whenever any one of the switches is activated, the
circuit becomes NO (normally open) type and de-energizes the respective relay coil.
As a result, the signals going to fuel pump, engine crank (from MABX), ESS HVIL
+12 V high signal and BRUSA charging signals respectively are disrupted. This safe
mechanism is implemented in a hybrid car to take into account any hazardous situation, so that in any unforeseen lethal conditions the driver may press the front E-Stop
switch, or from outside the vehicle can be brought to halt by pressing the rear E-Stop
switch. In an event of an accident, where lateral acceleration exceeds 8g, the inertia
switch will be activated.

Figure 3.6: Emergency disconnect system.

65

66
3.2

HIGH-VOLTAGE SUBSYSTEM

The high-voltage subsytem comprises the Magna motor, energy storage system,
Brusa charger for the ESS, and the bi-directional DC-DC converter. All these components are mounted in the rear of the vehicle. Figure 3.7 depicts energy flow in the
high-voltage system. The ESS is the main source of power which drives the motor
and powers the DC-DC converter, which further acts a low-voltage source for all the
auxiliary components. The ESS is charged using the Brusa charger which couples to
the charge port via an EVSE for the charger interface.

Figure 3.7: High-voltage distribution system.

Each of the above high-voltage components are described in detail next.
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3.2.1

ENERGY STORAGE SYSTEM

The Energy Storage System (ESS) essentially consists of 6 modules of a Lithium
Ion battery system, each with 15 pack series cells per module. Three cells are in
parallel, thus making a total of 90 series pack elements. Hence the pack configuration
can be described as 6x15s3p equivalently, 90s3p. The nominal pack performance
pertaining to the configuration is as seen in Figure 3.8.
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Component Specifications

Figure 3.8: Specifications of ESS.

69
ESS Assembling
• Electrical Assembly
The ESS pack consists of six individual battery modules which need to be
electrically connected in a specific way, to have a functional system. In section
3.1.2, the in-detail module wiring is explained. Further, to break down and
have a complete understanding, the module-module low-voltage connections
are discussed next. Each module has two low-voltage connectors which connect
to the MBB boards. Important diagnostic messages and module status signals
are picked up by the BCM through this low-voltage wiring. It also helps in
diagnosing the pack, where each signal is probed to narrow down on a faulty
connection/module.
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Figure 3.9: ESS internal low-voltage wiring.
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Note: Only module-module connections are shown,other low-voltage connections
as applicable, from the BCM are still valid which terminates to the pack-side lowvoltage connector.

• Mechanical Assembly
As mentioned earlier, the ESS consists of six battery modules interconnected
in such a way that they give a continuous nominal pack voltage of 292 V.
The initial pack set up was done on an ESS testbench, while using the test
harness received with the modules. However, for the actual in-vehicle setup,
a new custom harness was made. The initial testbench setup is as shown in
Figure 3.10. This exercise allowed the team to gain hands-on experience on the
high-voltage system and also to test the system for functionality.
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Figure 3.10: ESS testbench.

The pack however is assembled in a different configuration than above for optimized packaging in-vehicle. For better serviceability, the pack is assembled on
ESS stand as shown in Figure 3.11.
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Figure 3.11: ESS assembly stand.

The structure plate, consists of three separate pieces, the middle plate, the
top plate and the bottom plate. The middle plate is thicker than the top and
bottom plates and provides provision for fastening the ESS to the frame rails
in the trunk of the vehicle. Grooves are milled on the top and the bottom sides
of this plate which embed the coolant copper tubing.
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Figure 3.12: Initial ESS assembly.

The other two pieces, the top and the bottom piece, have grooves machined
on one side of each plate. These are then laid on their respective side of the
structure plate in order to sandwich the copper tubing loops. Finally, quick
disconnect fittings are attached to the copper tubing so that they can quickly
and easily be disconnected when the ESS is needed to be removed from the
vehicle. These also prevent all of the coolant from having to be drained as they
have built in check valves that blocks the coolant flow once they are disconnected. On a structure plate the battery modules are mounted, three on top
and three on bottom as shown in Figure 3.12. The structure plate is electrically
insulated from the top three and bottom three modules by placing thermal pads
on each side of the structural plate before mouting the modules on it. On top
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of the upper three modules is placed a fiber-glass sheet, on top of which are
mounted all the ESS power electronics, the Current Sense module, the Battery
Control Module and the Energy Distribution module. This fiber-glass plate is
electrically insulated from the top three modules by placing rubber tubings in
the grommet holes through which the all-thread rods pass.
Integration Pictures

Figure 3.13: Bulkhead pass-throughs.

Figure 3.14: High-voltage crimps.
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Figure 3.15: Distribution box.

Figure 3.16: High-voltage routing.

HVIL
The High-voltage interlock loop is a 12 V signal that passes through the high-voltage
connectors on magna distribution box and ESS high-voltage components. This signal
is constantly monitored by the battery control module. HVIL is a very important
signal from safety perspective as, when any of the high-voltage connectors is accidently/intentionally unplugged, the HVIL loop is broken and the BCM reads the
signal at zero potential. Immediately the BCM opens the contactor and disables the
high-voltage system. This prevents high-voltage exposure and thus enhanced safety
perspective.
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Component Location
The assembled pack is mounted on the rails of the vehicle in the rear as shown
below in Figure 3.17.

Figure 3.17: ESS mounting location in vehicle.

The actual in-vehicle integration is as shown in Figure 3.19.

Figure 3.18: ESS mounting location in vehicle.
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Figure 3.19: Assembled ESS in vehicle.

Wire sizing
The maximum current expected to be flowing in the wire is the most crucial factor
in deciding the wire sizing. As seen from the specifications in Figure 3.8, at any
instant, nominal current of about 180 A is expected. However, there could be a peak
in-rush of current of 600 A for a maximum of 10 sec, but the fuse characteristics, as
seen from the fuse curve below, shows that this is generally acceptable. The wire used
was unshielded 1 AWG cable from Champlain, which had current carrying capacity of
293 A. A normal 4/0 AWG could have also been used, but considering the increasing
bending radius as the current carrying capacity increases, this would impose routing
restrictions and also the cable would be comparatively heavier. Hence, the Champlain
cable was used for this purpose. Unshielded wire was used witihin the battery pack,
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since EMI shielding was employed inside the pack. Hence use of unshielded wire
further eased use of comparatively thinner and light weight cable.

Fusing

Figure 3.20: Manual service disconnect.

The Manual Service Disconnect, Figure 3.20 acts as the main pack fuse. The fuse
is selected carefully so as to protect the wire from melting. Hence, as the wire current
carrying capacity was 293 A, and 250 A or 350 A MSD fuse options were available,
the 250 A fuse was chosen. I2 T analysis was carried out for selection of this fuse.
The fuse characteristics from MSD datasheet is shown in Figure 3.21. Peak current
value of ESS in both discharging and charging modes is 600 A, for a maximum of 10
sec duration. However, the cable amperage is 292 A and it is fused at 250 A. This
analysis helps to validate the fuse life within this current surcharge period. From the
curve, intersection of the line corresponding to 600 A prospective current with the
250 A fuse curve, it can be seen that the pre-arcing time is greater than 10 sec. Hence
it can be concluded that the fuse can sustain during the 10 sec peak current duration.
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Figure 3.21: MSD Fuse curves.
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Thermal Considerations
In order to operate the ESS at peak efficiency, the ESS temperature needs to be
maintained at around 35 deg C. Using the coolant system as shown in Figure 3.22,
thermal analysis shows that the batteries will reach a maximum temperature of 34
deg C, under worst operating conditions. This was also tested during the final Year
2 competition at Yuma, where the ESS was maintained at 32 deg C, at all times,
inspite of the harsh desert conditions and continuous operation.

Figure 3.22: ESS cooling schematic.

Ethylene glycol is used as the coolant to cool the batteries on the cooling plate, as
described earlier. Thermal analysis showed that a radiator cannot be used to dissipate
heat from the coolant. Therefore, a chiller heat exchanger is installed in the coolant
loop in place of a radiator. This heat exchanger is cooled from the same refrigerant
system that will power the air conditioning of the vehicle. The high-voltage A/C
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compressor pressurizes the refrigerant. The refrigerant then passes through the stock
condenser. It then passes through a tee which splits the refrigerant between the
stock evaporator and the heat exchanger for the ESS cooling loop. The low pressure
refrigerant lines from the evaporator and heat exchanger then connects together and
returns back to the compressor.

EMI Noise Mitigation Techniques
There were no major EMI issues experienced during testing to date. The planned
and current implemented EMI noise mitigation techniques are discussed as follows.
High-voltage connectors, having built-in HVIL and EMI shielding, are used. The highand low-voltage wires are segregated, routed in separate conduits, and grounded for
effective cable shielding. The signal and power grounds are kept separate. All of the
electrical grounds are terminated properly to prevent ground loops or short circuits.
The HV wires, if running in close proximity, are designed to intersect at 90◦ which
helps to further reduce the noise present on the HV bus. To the extent possible,
HV lines are routed considering the minimum safe distance of 3 cm from the electric
motor. All the CAN communication wires, as implemented in the vehicle, are twisted
to further reduce any chances of presence of noise on the communication bus. The
ESS lid will have a wire mesh (0.5 cm opening width to block frequencies > 1 MHz)
embedded within it for effective EMI shielding instead of coating it with metallic
paint to reduce the chances of uneven coating.

3.2.2

BRUSA CHARGER

The NLG5 Brusa charger as seen in Figure 3.23, is a flexible and powerful charger
with easy to use interface and covers output voltages from 200 VDC to 520 VDC.
Mains and battery side are fully isolated from each other to ensure personal protection.
Many protective features make sure that neither charger nor the battery are damaged
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under heavy load or irregular conditions. The unit is compact and lightweight, yet
rugged and robust. Applicable SAE J1772 standards are fulfilled.

Figure 3.23: NLG85 BRUSA on-board charger.

Salient Features of Brusa are:
1. Compact and lightweight
2. Powerful and efficient
3. Precise control
4. Silent operation through high switching frequency
5. Resonant topology for low switching losses and EMC
6. Wake on CAN control pilot signal from the MABX
When the batteries are fully charged, the battery charge current is automatically
interrupted. The charging process is fully automatic, requiring the user only to plug
in the vehicle and unplug it when finished. Additionally, the vehicle maintains charge
in the 12 V battery during HV charging without the need for assistance from an
off-board 12 V charger. The HV charging control strategy of the vehicle is compliant with SAE J1772 charging stations. The powertrains are disabled during charging.
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Charger system components

Table 3.1: Charger system components.
Component
Electric
Supply

Description
Vehicle

Equipment

Provides AC voltage when requested by the
electric vehicle.

Monitors for faults, i.e.

(EVSE)

ground faults and interrupts AC if necessary.

Charge Coupler

The physical connection from the EVSE to
the vehicle

Charge Receptacle

The physical connection from the vehicle to
the charge coupler

On Board Charger

Converts AC power to DC power for charging
the vehicles HV battery

Charge Pilot or Proximity

Used to condition the pilot and proximity sig-

Conditioning nals as specified in SAE J1772. May include

Circuitry

functionality to wake vehicle when charge
coupler is plugged in

Vehicle Charging Con- Decides when it is appropriate to request for
trol Module

AC voltage from the EVSE. Prevents vehicle
motion while the charge coupler is attached

The Brusa interfaces to the 220 V AC outlet via an Electric Vehicle Supply Equipment (EVSE) as shown in Figure 3.24.
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Figure 3.24: Electric vehicle supply equipment.

The Level 1 and Level 2 chargers have different EVSEs. It takes about 6 hours to
completely charge the ESS from discharged state (about 20 percent SOC) by Level 2
charging. As seen in Figure 3.25, the EVSE has a charge coupler that sits inside the
Charge receptacle of the car.

Figure 3.25: Charging components.

The Brusa charger is connected to this charge receptacle. The charge receptacle
has a charge receptacle seal to prevent accidental touch or any other environmental
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matter from entering the receptacle. The Brusa and ESS as stated earlier are both
connected to the junction box on Magna, and hence the ESS is charged via the
distribution box through the Brusa.

Specifications of NLG513
AC Input:
Table 3.2: Brusa component specifications.
Input Voltage Range

100-264 V

Frequency

48-62 Hz

Maximum Input Current

16 A

Maximum Input Power

3.68 kW

Power factor

>0.99

Efficiency typical

93 %

DC Output:
Battery Voltage range

200-520 V

Accuracy of commanded

±1%

voltage
Maximum output current

12.5 A

Accuracy of commanded

±2%

current
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Thermal:
Coolant medium

liquid50/50water/glycol

Coolant temperature for full

−25to + 60(−25to + 40)C

power (air cooled)
Coolant flow rate

4 − 6L/min

Pressure loss @5L/min

50 mbar

Ambient temperature range -25C to +70C

Mechanical:
Weight (air cooled)

6.2 (6.3) kg

IP protection (air cooled)

IP 65 (Fan: IP 54)

Component Location
The BRUSA charger is mounted in the rear of the car.

Figure 3.26: Brusa charger mounting location.
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Wire sizing
Shielded cable Champlain EXRAD XLE 50 mm2 1000 V EXRAD-XLX-1X capable of carrying 232 A of current is used from the Brusa to the Magna junction
box.

Fusing
The Brusa is fused internally on the high-voltage side. On the low-voltage side,
inside the distribution box, the Brusa is fused at 20 A.

Thermal Considerations
The Brusa charger is air cooled and has its own fan running while it is charging.
Additionally there is a liquid water coolant loop passing through the component to
enhance further the cooling process.

3.2.3

HIGH-VOLTAGE A/C COMPRESSOR

The HVAC is directly compatible with the Malibu. The ECM reads data from
the low-pressure side and high-pressure side transducers.
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HVAC Specifications

Table 3.3: HVAC specifications.
Parameter

Value

X Capacitance

25 uF

Y Capacitance

0.0047 uF

Filter Inductance

25 uH nom

Chassis Isolation

2.5 M Ω

Nominal voltage

360 VDc

Nominal Current

15 A

AC ripple rejecction voltage

25 Vpp

Precharge current

< 30AM ax

Component Location
Mounted in the rear of the vehicle.

Figure 3.27: HVAC mounting location.
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Wire sizing
Shielded Champlain RADXL FX 600 V RADXL-FSX-14X is used to connect the
HVAC to the distribution box.

Fusing
HVAC is fused at 20 A inside the Magna distribution box.

3.2.4

DC-DC CONVERTER

It is a bi-directional DC-DC converter. The converter is connected to the distribution box and receives charge via it. The output of the DC-DC converter supplies
power to all the low-voltage components and auxillary components via the 12 V
battery.

Wire sizing
It uses the shielded Champlain RADXL FX 600 V RADXL-FSX-14X cable for
connecting to the junction box.

Fusing
It is fused internally with Littlefuse MEGA Slo-Blo Fuse, P/N : 298-200. Inside
the junction box, it is fused at 20 A.
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DC-DC Component Specifications

Table 3.4: DC-DC specifications.
Parameter

Value

Input Voltage Maximum

540 V

Nominal Inlet Current

165 A

High-Voltage Inrush Current

10 A

Standard Output Rated Power

2.2 kW

AC Ripple Rejection Voltage

25 Vpp

Isolation Resistance

10 MΩ

Isolation breakdown voltage

1.9 kV

Converter Mass

5.5 kg

Ambient Air temperature Maximum

95 C

Ambient Air temperature Minimum

-40 C

Component Location
Mounted in the rear adjacent to the BRUSA charger.
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Figure 3.28: DC-DC converter mounting location.

3.2.5

DC MOTOR

The Magna motor assembly consists of a 103 kW DC motor with an integrated
inverter on top, as shown in Figure 3.29.

Figure 3.29: Magna assembly.
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The motor performance is a function of the ouput torque at different motor speeds,
as seen in Figure 3.30, for the implemented Magna motor.

Figure 3.30: Magna performance curves.

We can see the integrated inverter on top of the Magna in Figure 3.31. On the
sides of the junction box we can also see the three inlets where the high-voltage
connections for each of the three, the Brusa charger, the HVAC and the DC-DC
converter are made. On the other side, the ESS connects. Each slot is meant for the
respective component only and is fused internally accordingly. All the three highvoltage connections have HVIL connector that senses any loss of connectivity.
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Figure 3.31: Magna inverter mechanical overview.

Figure 3.32 shows a closer view of the open distribution box with the color-coded
fuses exposed.

Figure 3.32: Magna inverter close view.
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Component Location

Figure 3.33: Magna motor mounting location.

96
Specifications

Table 3.5: Magna specifications.
Parameter

Value

Motor Max Power

83 kW at 250 V, 103 kW at
350 V

Minimum Voltage

250 VDc

Maximum Voltage

403 VDc

Base Speed

3235 RPM @ 250 V, 4015
RPM at 350 V

Peak Torque

245 Nm

Peak Current

400 ARms

Continuous Power

45 kW

Continuous Torque

150 Nm

Continuous Current

222 Arms

Switching frequency

10kHz and below

Ambient Temperature

−40Cto85C

Mass

85 kg

Gear Ratio

7.82:1
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3.2.6

MODELING AND SIMULATION OF HIGH-VOLTAGE BUS

The goal of this section is to describe the analysis of the component-component
interactions on the HV bus and analyze the causes of bus ripple. The HV components (DC-DC converter, HVAC compressor and electric motor) were simulated using
dSPACE ASM and Simulink software as integrated, shown in Figure 3.34. Electrical
parameters for the motor were updated using the given dSPACE ASM model and
better simulation results were obtained in terms of reduced voltage and current ripple, respectively. The battery was modeled using state equations while the DC-DC
converter and the HVAC components were modeled as current loads on the battery
demanding maximum operating current of 12 A and 25 A, respectively, which will
take into account the worst-case scenarios. These values of maximum current are obtained from component specification datasheets. Actual values of battery resistance
and other battery electric components used for modeling were obtained by extracting the values from the donated dSPACE ASM model for the A123 batteries. The
value of DC bus capacitance used for the simulation was 750 uF which is the worst
case end-of-life value for the capacitor from the specifications provided for the Magna
E-Drive, also taking into account DC-DC contributed bus capacitance.
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0.01µH

3.70 V

0. 2Ω

28000 F

0.75 mΩ

280000 F

0.5 mΩ
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DC-DC
Converter

HVAC
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y
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S a‘
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12 A
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else y=15
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If t <1, y=0
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Figure 3.34: HV simulation block diagram.
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The motor along with its integrated inverter are the major contributors to the bus
ripple. The loaded bus analysis shown in Figure 3.35 simulated an average voltage
ripple of 5 Vpp and current ripple of 35 A considering stray inductance present due to
current flowing through the HVDC cable into the battery. This value of inductance
was taken as 0.01 uH from the specifications provided in the dSPACE-donated model
for the batteries.

Figure 3.35: HV bus analysis simulation result.

A spike of 220 A was observed when the battery contactor was closed initially. One
potential solution to avoid the current spike is to pre-charge the DC bus capacitor
using an external supply before the contactors close. The actual value of inverter
capacitance was measured directly from the Magna motor assembly to be 900 uF, and
subsequently confirmed by Magna. Analysis for this value of capacitance predicted
the voltage and current ripple at 4Vpp and 30A respectively. From the specifications
of the DC-DC converter, an output voltage ripple of 500 mVpp and input current
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ripple of 1 A is generated, whereas the value for AC ripple rejection voltage is 25
Vpp. For the HVAC, 25 Vpp of voltage ripple is tolerable. The analysis shows that
an output voltage ripple of 5 Vpp is present for the worst case scenario considering
end of life value (750 uF) for the DC bus capacitor. Since modern film capacitors
operate with comparatively high values of current ripple, as long as the voltage ripple
is within the acceptable limits, an additional EMI choke need not be considered for
reducing the current ripple. Further, the inverter already contains an EMI filter
network consisting of an X-Y capacitance network.

3.3

LOW-VOLTAGE SUBSYSTEM
The low-voltage power distribution is as shown in Figure 3.36.

Figure 3.36: Low-voltage power distribution.

As shown in the figure above, the low-voltage sub-system mainly consists of all the
non-stock controllers that are added in the vehicle. The low-voltage controllers added
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in the vehicle include the Brusa charger controller, DC-DC controller, ESS controller,
Motor controller, Battery pump controller, motor pump controller, motor controller,
the HVAC controller and exhaust controller. All these controllers communicate with
the master vehicle controller, the MicroAutobox. These controllers are powered from
the rear fuse block. The individual controllers are responsible for waking up the
components, communicating with the MABX over CAN, gathering vital component
information via sensors and controlling the components.

3.3.1

LOW-VOLTAGE COMPONENTS

Low-voltage components added include:
1. MicroAutobox
2. ESS controller
3. Motor controller
4. Charger controller
5. DC-DC controller
6. HVAC controller
7. Battery pump controller
8. Motor pump controller
9. Exhaust controller
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3.3.2

LOW-VOLTAGE COMPONENTS SPECIFICATIONS

Table 3.6: Low-voltage components specifications.
Component
Motor

Voltage [V]
Con- 9−16

troller

Current

Power

2.5 A (ON)
500 µA (OFF)

A123 BMS

12

100 W peak, 200
W continuous

Brusa charger

12

200 mA (ON)
200 µA (OFF)

Motor and Bat-

13

4.6 A

12

55 mA (ON)

tery pump
CAN logger

660 mW

160 µA (OFF)
MicroAutobox

60-40

1.3 A (ON)
5 mA (OFF)

DC-DC

Con- 12.5 - 15.5

8.0 - 165 A

verter

3.3.3

2.2 kW (rated)
100 W (min)

COMPONENT WIRE SIZING

The low-voltage cables are expected to carry at any time, a maximum of 10 A
current, considering the component current source rating. Hence, automotive rated
18-22 AWG size cables are chosen for the low-voltage harness. The maximum current
carrying capacity of the 18-22 AWG cables is 18 A. All the low-voltage wires are fuse
protected for 12 A.
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3.3.4

COMPONENT FUSING

The fuses are selected accordingly in order to protect the wire from melting, due
to over current flowing in the wire. As the wire carry maximum of 13 A, the wires
are fused at 10 A. All the wires are terminated in the rear fuse block.

3.3.5

GROUNDING STRATEGY

All the low-voltage wires have a common ground point while being terminated
in the rear fuse block. This helps to eliminate any grounding noise associated with
multiple ground points.

3.3.6

HARNESS ROUTING

All the low-voltage wires are bundled and loomed together, to prevent any chaffing.
They are routed keeping a minimum of 3 cm distance from all the high-voltage wires.
With appropriate strain relief considerations, they are fastened to the chassis to secure
them properly. Wherever the wires are routed through pass-throughs, grommets and
abrasion tapes are used.

3.3.7

MODELING OF THE 12 V BATTERY

The parasitic current drawn from the 12 V battery of a stock 2013 Chevrolet
Malibu Eco was measured to be 42 mA. The parasitic current drawn by the controllers
that the team will add into the vehicle (Micro-Autobox, BMS and motor controller)
and DC-DC converter was estimated to be 7 mA. Calculations show that it would
take approximately 50 days to completely drain the 12-V battery of 60-Ah capacity
if it is not operated throughout that period.
Total parasitic current drawn = 90 mA
Therefore, total hours it will operate = Total battery capacity / Total parasitic current
= 60 Ah / 90 mA
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= 27 days
The maximum contactor relay current required to energize the contactors and source
the DC-DC converter from the ESS is 20 A. Taking this into account, it was estimated,
after simulating the battery model in Simulink, that the 12-V battery will be able to
source the current only when its SOC is maintained above the 20 % value. The 12
V battery was modeled in Simulink and operated at different values of SOC. It was
analyzed that the output voltage is 10.8 V when the battery is at 20 % SOC. Below
that value of SOC, the battery voltage falls below 10.8 V. Hence the battery should
not be discharged below 20 % SOC.

3.3.8

FMEA FOR THE LOW-VOLTAGE SUBSYSTEM

The failure mode and effect analysis (FMEA) was carried out for the low-voltage
system which analyzes the potential failure modes of each low-voltage component,
thereby understanding how each component directly or indirectly affects other lowvoltage components. This analysis is crucial to understand why a component may
fail, and how its failing would affect the system performance in general. As this is
an exhaustive analysis, this involves consideration of many potential situations that
could lead to a component failure or undesirable situations that may arise resulting
from a component failure. Each component as shown in Table 3.7, has:
• Potential failure modes - All possible modes that could lead to the failure of
that component
• Potential failure effect - Effect of failure of that particular component on the
system
• SEV - Severity number associated with the component. On a scale of 10, high
SEV number denotes highest severity associated due to the failure of that component
• Cause/Mechanism for the component failure
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• PROB - Probability that the component will fail due to that particular cause/mechanism
failure. On a scale of 10, low PROB number denotes high chances of failure due
to that particular mechanism
• Current design controls that are integrated within the system to address the
component failure issue resulting from that particular failure mode
• DET - Detection number, which on a scale of 10, higher DET number indicates
high chances of being able to detect the failure due to that failure mode
• RPN - Risk Priority Number, that is a multiplicative quantity of SEV, PROB
and DET. The higher the RPN, the greater the component is at risk of failure,
and needs additional external fail-safe mechanisms for reliable performance
• Lastly, the recommended actions include the team’s effort for improving the
component reliability based on the above analysis
Table 3.7: Low-voltage FMEA.
Potential Potential

S Potential

P Current

D R

Action(s)

Item/

Failure

Effect(s)

E Cause(s)

R Design

E P

Taken

Func-

Mode(s)

of failure

V /

tion

Mecha- O Controls

nism(s) of

T N

B

Failure
MABX
not functional

10 Power ca- 1 Size cable 4 40 Ensure
ble cut

appropri-

suffi-

ately, wire

cient

loom

strain
relief

106
Table 3.7: continued.
Item/

Potential Potential

S Potential

P Current

D R

Action(s)

Func-

Failure

Effect(s)

E Cause(s)

R Design

E P

Taken

tion

Mode(s)

of failure

V /

Mecha- O Controls

nism(s) of

T N

B

Failure
BMS

Loss of Unable to
12

V

9 No

CAN

3 Debug sys- 5 135 Maintain

close bat-

signal/loss

tem

power

tery con-

of

previous

connec-

or

tactors

due

CAN

log

tion

loss

power
to

and

of CAN

presence of

on

site

data

faults

to

detect

proper

fault
Unable

8 Fault

in 1 Relying on

be

to detect

detection

the

module

system

detection

plored

strategy

further

fault

fault

5 40 To
ex-

present in
the BMS
Unable to

7 Loss

of 2 Sensor

8 112 Proper

monitor

data from

fastened

sensor

battery

tempera-

securely to

mount-

module

ture sensor

the

ing

tempera-

or loss of

minium

ture

12

plate

V

to

the sensor

Alu-
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Table 3.7: continued.
Item/

Potential Potential

S Potential

P Current

D R

Action(s)

Func-

Failure

Effect(s)

E Cause(s)

R Design

E P

Taken

tion

Mode(s)

of failure

V /

Mecha- O Controls

nism(s) of

T N

B

Failure
Unable

9 Fault

to detect

sensor

fault

lids

in

HVIL

in 5 Mechanical 4 180
or

HVIL im-

not

plementa-

locked

in

tion

properly
Unable

7 Fault

in 4 Relying on

5 140 To

be

to detect

ground

the ground

ex-

ground

fault mon-

fault

plored

fault

itoring

tection

system

strategy

de-

incorporated
within the
module

further
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Table 3.7: continued.
Item/

Potential Potential

S Potential

P Current

D R

Action(s)

Func-

Failure

Effect(s)

E Cause(s)

R Design

E P

Taken

tion

Mode(s)

of failure

V /

Mecha- O Controls

nism(s) of

T N

B

Failure
Motor

Loss of Torque

con-

12

troller

power

V

not

reg-

ulated
at

de-

8 Loss

of 2 Safeguards

5 80 Verify

communi-

built

into

func-

cation with

the

low

tional-

MABX

level

con-

manded

trollers to

value

ensure zero

ity

torque
output
Cannot
monitor

7 Fault
sensor

in 2 Run

7 98 Built a

coolant

redun-

motor

circuit

tempera-

maximum

ture

at

dant
coolant
controller
outside
of ECM
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Table 3.7: continued.
Item/

Potential Potential

S Potential

P Current

D R

Action(s)

Func-

Failure

Effect(s)

E Cause(s)

R Design

E P

Taken

tion

Mode(s)

of failure

V /

Mecha- O Controls

nism(s) of

T N

B

Failure
Loss

of 8 12 V power

CAN

loss

data

2 Safeguards

5 80 Verify

built

into

func-

the

low

tional-

level

con-

trollers to
ensure zero
torque
output
DC-

Output

Loss of 12 8 A123 bat- 1 Use 12 V 7 56

DC

loss

V output

Converter

tery

fault

from

and

loss

DC-DC

of

out-

con-

put

from

verter

alternator

battery

ity
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Table 3.7: continued.
Item/

Potential Potential

S Potential

P Current

D R

Action(s)

Func-

Failure

Effect(s)

E Cause(s)

R Design

E P

Taken

tion

Mode(s)

of failure

V /

Mecha- O Controls

nism(s) of

T N

B

Failure
Auxilary Loss of Dim
loads

or

5 A123 bat- 2 Avoid

output

non-

tery

from

operating

DC-DC

indica-

con-

tors

fault

3 30 Use

accidental

charged

or dead 12

and/or

spare

V battery

over

dis-

12

charge

verter

of

and/or

battery;

12

Spare

V

battery

12

battery
V

12

V battery;
Charging 12 V
battery
timely
No

en-

9 Loss

gine start

CAN

or

nal

slow

of 5 Use
sigfor

engine

engine

cranking

cranking

charged
spare 12 V
battery

V

1 45
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Table 3.7: continued.
Item/

Potential Potential

S Potential

P Current

D R

Action(s)

Func-

Failure

Effect(s)

E Cause(s)

R Design

E P

Taken

tion

Mode(s)

of failure

V /

Mecha- O Controls

nism(s) of

T N

B

Failure
Dim

6 Loss of 12

head-

V power

lamps

2 Use

1 12

charged
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Brake
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lights

V power
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charged

may not

spare 12 V
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battery

Windshield 6 Loss of 12
wipers

V power

2 Use

1 12

charged

may not

spare 12 V

func-

battery

tion

1 12

as

expected
As an example, for the HVIL detection fault in MABX: In year 2, the lid design of
not being able to remove the lids unless the MSD is unplugged, was integrated with
the help of reed switches and sensor assembly. However, this method proved to be
highly unreliable as the switches used to get displaced from their position or fall off,
thus being unable to detect the “lid close” condition and complete the HVIL circuit.
The HVIl as discussed before is a very crucial signal, and hence in order to completely
eliminate this error and as a part of DRBFM (Design Review Based on Failure Mode),
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the lids were modified such that, the reed switch assembly was removed and instead
replaced with a mechanical assembly. Also, to ensure that the lids cannot be removed
unless the MSD is unplugged, reinforecement straps were built from inside on the top
lid that prevented the lids from being removed unless the MSD plate is removed first.
As many sub-systems have an independent individual controller with failure detection
and built-in prevention mechanism, as a part of the controller, the team did not have
to explicitly add auxilary systems to avoid failure mechanism. Not all component
failures are avoidable, and hence some potential higher RPN failures are documented
to be explored further for prevention mechanism design.

3.3.9

AUXILARY SUBSYSTEMS ADDED

12 V Disconnect
The 12 V disconnect switch is installed in the engine bay as shown in Figure 3.37.
Having the disconnect switch helps to cut off the constant supply of 12 V to the
auxilary loads when not needed or while working on specific components.

Figure 3.37: 12 V disconnect switch.
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Separate rear fuse block
There is a fuse block present in the engine bay, from the stock vehicle for the
low-voltage system. However, as many of the new components were added in the
rear of the vehicle and its power electronics demanded low-voltage power supply and
grounding system, an additional rear fuse block was implemented in the rear of the
vehicle as seen in Figure 3.38. This way, all the low-voltage wiring could be terminated
in the rear without having to route the cabling all the way to the front fuse block.

Figure 3.38: Rear fuse block.
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3.4

PERFORMANCE

In Chapter 1 an overview of the car’s vehicle technical specification was presented.
The vehicle’s performance is based on various factors including acceleration, braking
distance, gradeability, fuel consumption, driveability, mpg, etc. that form a part of
the vehicle techical specifications. At the end of the third competition year, June
2014, the vehicle was graded on how close the team was able to achieve the targeted
VTS.
Some of the key highlights of Purdue EcoCAR are, that, since the architecture
chosen is Parallel-Through-the-Road, the vehicle can be run on an all-electric mode,
or an all-ICE mode or a combination of both to gain maximum performance. This
has an implied fail-safe operation, of being able to operate the vehicle on any one
drivetrain in case of failure of the other.

3.5

SAFETY TRADEOFF

One of the unique aspects of our designed vehicle was that all the high-voltage
routing was restricted to the rear of the vehicle. This had the advantage of not
having to route the high-voltage harnesses up to the front, as a result minimizing the
exposure of high-voltage to the passengers and thus added safety feature. However,
the coolant refrigerant lines then needed to be routed to the front from the rear as the
HVAC being a high-voltage component was mounted in the trunk of the car. This led
to Noise-vibration-harshness (NVH) issues, which were not significant though due to
good routing practices followed. Secondly, routing all the high-voltage harness in the
rear minimized additional harness weight in terms of compact routing, which helped
in overall vehicle weight reduction for better fuel economy.
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3.5.1

OPERATOR SAFETY - EMERGENCY DISCONNECT SYSTEM

Considering operator safety, best electrical and high-voltage safety practices are
followed. All the cables are correctly fused according to their ampacity values. Use
of only automotive rated multi-stranded cabling for low-voltage and high-voltage, is
followed. All the cables are loomed and high-voltage cables are routed through an
orange conduit for better distinguishability. For added safety, according to best practices, all the high-voltage and low-voltage cabling are routed atleast 3 cm apart, to
avoid any possible issues of shorting. Wherever the cables are terminated, a heat
shrink is used on them which is of appropriate voltage rating. Additionally, through
the CAN communication, which takes place via all the low-voltage connections on
the components, the MABX constantly monitors any faulty conditions arising and
opens the ESS contactors immediately to shut-off any high-voltage source present
on the bus. The passengers are notified of this fault via an LED indicator on the
center console dashboard. To perform high-voltage checks on the ESS pack, there is
high-voltage test connector made available on the pack’s front panel. This is used
especially while performing bleed-down of the high-voltage bus to check the bus voltage. Three emergency disconnect switches, the front and the rear EDS switches and
one inertia switch in the rear are installed in the vehicle, which stops the car in any
potentially dangerous conditions. Lastly, all the high-voltage enclosures are marked
with appropriate warning signs to notify personnel working around it.
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EDS system
The Emergency Disconnect System basically consists of:

• Front E-Stop switch:

Figure 3.39: Front E-stop switch on dashboard.

The front E-Stop switch is mounted on an easily accessible location to the
driver and front passenger, over the front dashboard. It is a normally-closed
(NC) type push-button switch, that de-activates the circuit once it is pushed.
In order to reset the system, or activate the switch again, pushing and twisting
it in clock-wise direction closes the circuit again.
• Rear E-Stop switch: Figure 3.40 shows the rear E-Stop switch, mounted on the
rear bumper, which is easily accessible to any person outside the car.
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Figure 3.40: Rear E-stop switch mounted on the rear bumper.

• Inertia Switch: The inertia switch as seen in Figure 3.41 is mounted on an
accessible sturdy location. It is also an NC type, push-button type switch that
deactivates the circuit when it is hit. The main purpose of the inertia switch is
to disable the EDS system in case of an impact which has lateral acceleration
exceeding 20g and longitudinal acceleration exceeding 8g.

Figure 3.41: Inertia switch mounted in the rear of the vehicle.

As outlined in the schematics section, the EDS system consists of all the above three
switches in series. The EDS circuit is a NC circuit and the output signal is constantly
monitored by the MABX. Activation of any one of the above three switches pulls the
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output line to low and is read as a low signal by the MABX. The output signal from
the EDS system is important from the fact that the MABX further controls the status
of the engine, fuel pump, ESS and charging process based upon the voltage on the
output signal. If the ouput from the EDS system is low, the MABX immediately
shuts off the engine, disables the fuel supply to the engine by controlling the fuel
pump relay, opens the ESS high-voltage contactors by pulling the HVIL line to low
and disables the charging process if on-going by pulling the charge-enable signal to
low. This way, in case of any unforeseen fatal event, the vehicle can brought to a
complete stop, by internal or external presence.

3.6

PRODUCTION READINESS AND SERVICEABILITY
All the components added in the vehicle to make it a plug-in hybrid vehicle were

ready available off-the-shelf components. Hence, on a ready assembly line, mass
production of the vehicle is an achievable task.
In terms of serviceability of the high-voltage system, our ESS pack is designed in
such a way that it can be serviced in-vehicle or also outside the vehicle on ESS stands.
For quick fixes, in-vehicle servicing serves a fast approach.

3.7

CHALLENGES FACED
Several implementational challenges were faced as described below:
• Sourcing the compatible connectors for the high-voltage system, especially for
the ESS was challenging. Since these connectors are application specific, they
were difficult to procure. After a thorough investigation and market sourcing,
these connectors were made available through over-seas suppliers.
• Terminal lugs are used on high-voltage cables inside the ESS for making end
connections on the cables. These lugs had to be of appropriate rating with the
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proper size and required number of eyelets. These appropriate lugs were difficult
to find but were finally located with proper directions from the organizers.
• For module-to-module high-voltage connections bus bars are used. These should
be of appropriate voltage and current ratings. The bus bars for highly specialized application like this are not readily available and may need to be custom
made. However, custom made bus-bars were highly expensive, $200, and four
bus-bars were needed in total. Also, there was a considerable lead time associated with them, this was because they were to be fabricated from scratch.
The team therefore decided to make its own bus bars, using copper plates adequately thick enough. The thickness of the copper plate depended on the
required cross-sectional area of the bar which was necessary in turn to give the
correct ampacity for the bar.
• High voltage cable splicing was another challenge faced, as the team had no
proper tool for it. Appropriate equipment was procured from the university
Technology department.
• It was a mandatory requirement to have the MSD to be removed prior to when
the lids could be taken off. Hence the lids were designed in such a way that they
cannot be removed unless the MSD is removed. This was achieved in Year 2 by
having reed switches on the top and bottom lids which were looped in the HVIL
system. However, this strategy was proved to be unreliable as the switches did
not maintain a good contact. This was eliminated by using a mechanical lock
assembly on the lids from outside such that the lids were not removable unless
the MSD is taken off. Also reinforcement straps were added on inside of the top
lid such that unless the MSD plate is removed, the top lid cannot be removed.
• Component packaging in the rear such that the vehicle also meets the cargo
requirements was a challenging task. After adding all the new components in
the rear, the ESS, the motor, the Brusa charger, the HVAC, the DC-DC, and
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other low-voltage harnesses, routed high-voltage harnesses, the vehicle was able
to meet the competition cargo requirement of 7m3 , after efficient and optimized
component packaging schemes, which was aided through CAD routing.
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4 SUMMARY
The Purdue Eco-Makers thus successfully implemented the parallel-through-theroad plug-in hybrid electric vehicle architecture. The main advantage of this architecture is, that the vehicle can be driven independently on both the drive-trains,
engine-only mode or electric mode. This gives a fail-safe feature of the vehicle to
be driven in either modes in case of any failure in one mode. Vehicle performance
data during final Year 3 competition at the GM proving grounds, Milford demonstrated better vehicle performance results for acceleration, braking than the stock
vehicle with reduced fuel consumption and exhaust emissions. Purdue EcoCAR was
one among the only six teams to complete all the competition dynamic events successfully. The dynamic events included acceleration and braking, gradeablity, E&EC,
Max Lat, AVL drive, dynamic consumer acceptibility and autocross. The Purdue
EcoCAR team was ranked at the fourth position overall after the conclusion of year
3 competition. Lessons learnt throughout the implementation phase include, practice of documenting each step and every work detail, as it may be needed to do the
same task again in future. Also, it saves a lot of work for new team members to
have ready documentations. Following the work procedures at all times ensures a
systematic approach which also eliminates any safety hazard. Future work involves
implementing a working A/C system, eliminating some vibration issues in the rear
transmission system, optimized vehicle controller for a smoother blending between
the two drive-trains, and more efficient exhaust control strategy for improved performance. Currently a small 2-line display is implemented that displays the ESS
battery temperature, current and SOC values. This display can be replaced with a
more sophisticated 7-inch Freescale LCD display system.
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